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High Valent PalladiumComplexes andTheir Role in C-C and C-X Bond Formation
Chemistry
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Professor LiviuM.Mirica, Chair
Energy is the currency of the universe. Without energy everything will come to a stall. According to
the Energy Information Administration, in 2007 over 80% of energy came from fossil fuel. When the
fossil fuel will eventually run out at the current consumption rate, then what can we use for energy? While
finding alternative energy sources is our ultimate goal, our research focus on the basic study of the role
metal ions play in the catalysis of energy related process. Namely, the water oxidation catalysis and
methane oligomerization process.
Water oxidation is a multi-electron process, which requires multiple single electron transfer steps. This
translates into a very high barrier of activation since multi-electron processes are kinetically challenging.
On the other hand, multi-nuclear complexes are receiving an appreciable interest due to their potential
synergetic effect between the metals. To this purpose, four binucleating tetradentate ligands of the
generic formula Di-nBu-DBF-Mennn-tpa were synthesized. The final ligands as well as the intermediate
products were characterized by 1H and 13CNMR and ESI-MS.These ligands were used to complex with
some transition metals in the hope that the two metal centers could be brought into close proximity
within the bridging distance of μ-oxo or hydroxyl ligands, which then will potentially be active toward
water oxidation reaction. Some of the complexes have been characterized by X-ray crystallography, 1H
NMR, Uv-vis, ESI-MS, IR. Our study showed that the ligands using dibenzofuran as linker were unable to
xiv
support the expected bis(µ-O) or bis(µ-OH) structure. Rather, we find that the linker is central in term of
its size and shape, which largely define theM-M distance, since the scaffold is fairly rigid. DFT
calculations indicate that the energy barrier to bring two metals close enough is prohibitively high. This
observation offers a valuable guide for future selection of linker molecules, when we should use
computational study to guide the screening of potential ligands.
Methane oligomerization can be viewed as a two step process: the C-H activation step, and the C-C
coupling step. The C-C coupling process is usually induced oxidatively. We were able to realize the C-C
bond reductive elimination from a monomethyl Pd complexes with the ligand of
N,N′-di-tBu-2,11-diaza[3,3](2,6)pyridinophane (tBuN4), which resembled the early step of methane
oligomerization. To further study this process, we modified the tBuN4 by replacing the tBu groups on the
amino nitrogen with smaller iPr groups to give iPrN4. Compared to the tBuN4, the new ligand was able to
stabilize both PdIII and PdIV oxidation states, as compared to the fact that only PdIII oxidation states
(tBuN4PdMe2 and tBuN4PdMeCl) was stabilized by tBuN4. Both PdIII complexes underwent photo
activated C-C bond formation, which involve a radical mechanism initiated by homolysis of Pd-C bond.
The PdIV complexes underwent thermolysis to give C-C or C-Cl bond formation through reductive
elimination.
Oxygen in air represents the ideal oxidant for chemical oxidation since it is clean, almost inexhaustible
and carbon free. In this research, an aerobic oxidation induced C-O bond formation mediated by Pd was
reported. The complex Me3tacnPd(CH2CMe2C6H4) is readily oxidized by O2 or H2O2 to yield the
PdIV-OH complex [Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4. Thermolysis of this product leads to the
selective C(sp2)-O reductive elimination of 2-tert-butyl-phenol, with no C(sp3)-O elimination product
being detected. This system represents a rare example of selective C(sp2)-O bond formation that is
relevant to Pd-catalyzed aerobic C-H hydroxylation reactions.
xv
You cannot open a book without learning something.
Confucius. Chinese Philosopher
1
Introduction
1.1 WaterOxidationCatalysis
The 21st century is the century of energy. The global energy consumption rate has undergone an
exponential increase ever since humankind experienced an unprecedented industrial revolution. It is
believed that the energy consumed in the past century has significantly surpassed the sum of energy
consumption before the industrial revolution. And there are reasons to believe that the energy
consumption will increase, due to the increasing human population and continuing industrialization of
the underdeveloped countries. Scientists have been actively seeking ways to solve this energy problem.
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One way is to find renewable clean energy as a substituent of the traditional fossil fuel.
Renewable energy, as the name suggests, are \ renewed” by mother nature on a human timescale.
Those usually include solar energy, wind energy and geothermal heat, etc. Among the several energy
sources frommother nature, solar energy stands out as a very appealing source. Solar energy is clean,
sustainable, inexhaustible and affordable as technology advances. America has seen more solar panels in
the past decades, which represents one easy way of harvesting thermal heat from solar energy. Chemists
surely don’t want to miss this opportunity. Tremendous research efforts have been devoted to store solar
energy into chemical bonds. One representative way is to use the solar energy to fuel the water oxidation
reaction (Figure 1.1.1).[1]
Figure 1.1.1: Solar fuel cell.
Water oxidation is the key step in the light driven water splitting reaction, which is in turn the key step
in the ultimate goal: converting solar energy into hydrogen fuel.[1–3] Catalysis of the water oxidation
reaction continues to be one of the most challenging research subjects and is pursued actively by
researchers. [4–6] It was proposed that three mechanisms could be used (Figure 1.1.2 on the next page):
nucleophilic attack by solvent water on high valent metal-oxo center ; radical coupling between two metal
oxo species; reductive elimination from the bis (μ-oxo) core structure.[1]The third approach is not well
studied and we consider it is entropicly more favorable due to the pre-organized structure. Previous
studies have shown that multinuclear structures are favored for multi-electron processes.[4] So we
elaborated this mechanism in a catalytic cycle as shown in Figure 1.1.3 on the following page. The
judiciously designed ligands are shown in Scheme 1.1 on page 4.
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Figure 1.1.2: Three possible water oxidation mechanisms: a) Nucleophilic attack of hydroxide on
High-valent metal oxos. b) Radical coupling of two oxos. c) Reductive elimination of bis u-oxos.
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Figure 1.1.3: Proposed route of water oxidation by our new ligand. Two springs were used to figura-
tively show the moderate flexibility and strain of the ligand backbone.
Our hypothesis is that the ligand should hold two metal centers at an appropriate distance, so that the
bis (μ-oxo) core structure could be formed. The other potential advantage of this ligand is that the rigid
structure should be more stable against decomposition, which was the major cause of the low turnover
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Scheme 1.1: The proposed bimetallic ligands for water oxidation study.
number in the water oxidation catalysis. To this end, some bis (μ-oxo) bimetallic complexes were
attempted with our newly developed ligands. It turned out that the expected bis (μ-oxo) bimetallic
complexes did not form, most probably due to the rigidity and orientation of the backbone molecule.
However, the resultant complexes would be of interest for some other catalytic reactions. This synthetic
route should be applicable for many other catalytic binucleating ligands of similar structure, provided
some easy modifications at certain steps. This study is reported in detail in Chapter VI.
1.2 PdIII Chemistry
1.2.1 Pd0/II catalytic cycle
Palladium, the precious metal with the atomic number of 46 in the periodic table, is probably one of the
most versatile transition metals. Its general applications spans from catalytic converters in automobiles to
other non-chemistry uses like: jewelry, dentistry, watch, coins, etc. On the other hand, its catalytic power
has been manifested in the many documented catalytic reactions in literature, which include but are not
limited to: C-C coupling (e.g.: Suzuki and Negishi coupling, Heck coupling in Scheme 1.2 on page 5,
etc.), C-H functionalization, and hydrocarbon oxidation reactions.[7, 8]TheNobel Prize in Chemistry
2010 was awarded jointly to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for \ palladium-catalyzed
cross couplings in organic synthesis”. The traditional Pd catalyzed reactions involved a typical Pd0/II cycle
4
as shown in Scheme 1.3 on page 5.
RX  +
R' R'
R
Pd catalyst
- HX
RM  +  R'X R R'
Pd catalyst
base
M = ZnY, BZ2
Heck coupling
Suzuki and Negishi coupling
Scheme 1.2: Suzuki and Negishi coupling and Heck coupling.
LPd(0)
R'X
LPdII
R'
X
RM
MXLPdII
R'
R
R R'
Scheme 1.3: Scheme of Pd0/II catalytic cycle
Pd0/II catalytic cycle is so pervasive that, almost all the traditional Pd catalyzed reactions use a shared
route as shown in Scheme 1.4 on page 6. For example, the above mentioned Heck coupling reaction uses
such a route (Scheme 1.5 on page 6): starting with the Pd0Ln as the resting state, the formation of C-Pd
bond was realized through the oxidative addition of the R1X onto the Pd center to give the R1Pd(II)LnX.
In the interconversion of RPdLn step, the alkene is inserted in the Pd-R1 bond. The last step is the
clearvage of the C-Pd bond, which affords the desired product with R1 group added to the alkene. The last
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step also returned the Pd0Ln, which is ready to reenter the catalytic cycle. The cross-coupling reaction also
follows a similar process, as shown in Scheme 1.5 on page 6.
  Starting
  organic
compounds
   C- Pd
   bond
formation
R1PdLn
Organopalladium
interconversion
R2PdLn
Organic
product
  C-Pd
  bond
cleavage
Pd catalyst
General expression of Pd catalyzed reactions
Scheme 1.4: General expression of the traditional Pd catalyzed reactions
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C-Pd bond
Recycling Pd(0)Ln
R1C--C-
H Pd(II)LnX
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Pd(0)Ln + HX
Heck reaction
R1Pd(II)LnX R1R2Pd(II)LnPd(0)Ln
R1X
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    of RPdLn
R2M
Pd(0)Ln + R1R2
Formation of
    C-Pd bond
Cleavage of 
C-Pd bond
Recycling Pd(0)Ln
Cross-coupling reaction
Scheme 1.5: Generalized Heck coupling and cross-coupling reactions
One of the most noteworthy historic event in Pd history is the so called wacker process, which is still
one of the classical textbook examples of chemical catalysis. This is the first organometallic and
organopalladium reaction applied on an industrial scale. The original reaction is used to oxidize ethylene
to acetaldehyde by oxygen in water. The catalyst is the tetrachloropalladate(II) system (Scheme 1.6 on
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page 7). Nowadays this reaction finds more use in production of aldehydes and ketones from alkenes. For
example, another named process (theMonsanto process) uses the similar reaction to produce acetic acid.
In theWacker process (Scheme 1.6 on page 7), PdII oxidizes the ethylene to aldehyde in presence of
water. And the Pd itself was reduced to Pd0 state, which is consequently oxidized back to PdII by the
co-catalyst CuII. The reduced copper is re-oxidized back to CuII by oxygen. Overall the net reaction is
oxidation of ethylene by oxygen to aldehyde. The classical reaction and its subsequent development
represents one of the most important milestones in the history of organopalladium chemistry.[7]
     C2H4 + Pd(II)Cl2 + H2O                     CH3CHO + Pd(0) + 2 HCl + 2 Cl-
                  Pd(0) + 2 CuCl2                      PdCl2 + 2 Cu(I)Cl
2 Cu(I)Cl + 1/2 O2 + 2 HCl                      2 Cu(II)Cl2 + H2O
               C2H4 + 1/2 O2                      CH3CHO
Scheme 1.6: Wacker process
Why does the Pd have the versatility, selectivity which makes it a great catalyst for many organic
synthesis reactions? Chemists tried to find the answer in the past decades. Negishi[7] has pointed out:
Moderately large atomic size, lead to moderate stability, controlled but wide range reactivity leading to
both versatility and certain selectivity.
Pd strongly favors zero and +2 oxidation states, while Ni is more prone to produce Ni(I) via one e-
process, so Ni is more versatile and causes more unwanted reactions; Pt tends to form Pt(IV), too
stable to be synthetically useful.
Pd can provide simutaneously at least one each of empty and filled non-bonding orbitals, i.e. both
LUMO andHOMO. So it can easily participate in concerted reactions.
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1.2.2 PdII/IV catalytic cycle
Aside from the typical Pd0/II catalytic cycle, another less common catalytic cycle involves the PdII/IV.
cycle[9, 10]This chemistry process operates in a PdII/IV cycle, which differentiates itself from the
traditional Pd0/II catalytic cycle. Usually a strong oxidant is required, to prevent the Pd to fall out of the
PdII/IV cycle. Since the reductive elimination from a PdIV center is different from that of PdII center, a new
scope of chemistry was expected with this catalytic cycle. So far C-C/C-O/C-X bond formation
reactions have been reported in literature.[9] Although numerous studies have hinted the potential
involvement of PdIV intermediates in catalysis and synthesis, it was only until in 1986 the first definitive
evidence was reported by the Canty group. Canty and coworkers reported the oxidative addition of
iodomethane to dimethyl(2,2’-bipyridyl)palladiurn(II) in acetone to afford the first isolated and
structurally characterized hydrocarbylpalladium(IV) complex,
fac-trimethyl(2,2’-bipyridyl)iodopalladium(IV).The PdII complex undergoes reductive elimination to
give C-C bond formation product (ethane in this case), suggesting a potential PdII/IV catalytic cycle.
Compared to the more common Pd0/II catalytic cycle, the possible PdII/IV catalytic cycle provides
complementary selectivity which is otherwise impossible. Secondly, β-hydride elimination or the
potential drawback of palladium-black deposition from PdII species are lesser of a problem for PdIV
catalysis.
The Sanford group has reported a series of aryl-heteroatom bond formation reactions from PdIV
centers, which almost always involve a hypervalent iodine oxidant as the group transfer reagent.[11]
These reactions generally start with the coordination of the ligand (such as bipyridine, 2-phenylpyridine,
1,10-phenanthroline,benzo[h]quinoline, etc.), followed by the Caryl-H activation in the PdII center to
form the pallada(II)cycle.[12]Then the strong oxidant (e.g.: PhI(OAc)2) oxidizes the PdII to PdIV, along
with the transfer of a heteroatom onto Pd (e.g.: OAc). The next step would be the reductive elimination of
C-O or C-X bond from the PdIV center.
Another potential advantage of the PdII/IV catalytic cycle could find use in the C-F bond formation, as
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the corresponding transformation in the traditional Pd0/II system is very difficult.[13, 14]The Sanford
group has reported the C(sp3)-F bond reductive elimination from a PdIV center bearing Pd alkyl fluoride
groups.[15] In this research, the fluoride preferentially reductive eliminate with the sp3 carbon, which is a
reversal of the regular selectivity of reductive elimination from PdII center.[16–19]The serves as a good
example for the complementary feature of PdIV-mediated fluorinations[20–22] compared to analogous
transformations at PdII centers.
In 2004, the Sanford group proposed a catalytic cycle involving PdII/IV (Scheme 1.7 on page 9) for
their highly selective catalytic oxidative functionalization of aryl C-H bonds.[12]The catalytic cycle
starts with a chelate-directed C-H activation at the PdII center to afford the cyclopalladated intermediate.
Then the PdII was oxidized by strong oxidants (e.g.: PhI(OAc)2; NBS; NCS.) to give the PdIV species,
which underwent C-X bond forming reductive elimination to give the final products.
PdII
L       C-H L
C
PdII
L
C
PdIV
X
or
L       C-X
X
C-H activation
Oxidation
C-X Red. Elim.
Scheme 1.7: Proposed PdII/IV catalytic cycle for C-X formation.
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1.2.3 PdIII chemistry
Compared to the very common Pd(0), Pd(II), and Pd(IV) complexes, organometallic Pd(III) complexes
are much underdeveloped. Only a handful of PdIII complexes have been reported. For example, Schroder
et al. reported in 1988 a PdIII complexes coordinated with 2 trithiacyclononane ligands (Scheme 1.8 on
page 10).[23] A similar structure was published in the same year byMcAuley et al. (Scheme 1.8 on page
10), where the PdIII is stabilized by 2 triazacyclononane ligands.[24] Since the coordinating sites are
saturated in both of these two PdIII complexes, no chemistry was expected for them. In 2006, Cotton et al.
reported the synthesis of a series of dinuclear PdIII complexes with the formula
cis-Pd2(C6H4PPh2)2(O2CR)2Cl2 (R = CH3CF3andCMe3).[25]These Pd complexes feature a Pd-Pd
single bond, as well as 2 labile carboxylate ligands. Similar dinuclear PdIII complexes were reported
afterward. For example, in 2009 the Ritter group reported the first direct observation of bimetallic Pd(III)
complexes in C-H acetoxylation reactions.[26, 27]The dinuclear PdIII intermediate features a Pd-Pd
single bond, as well as two carboxylate ligands (Scheme 1.9 on page 11).
S
PdIII
S
S
S
S
S
3+
NH
PdIII
N
H
N
H
NH
NH
HN
3+
Scheme 1.8: Isolated mononuclear PdIII complexes.
More PdIII systems were proposed as the active intermediates in the oxidative functionalization of C-H
bonds.[28]The less commonmononuclear PdIII complexes have also been proposed as transient
intermediates in oxidatively induced reductive elimination of ethane from a PdIIMe2 complex by the
Sanford group[29]. In 2009, the Goldberg group proposed the possible involvement of PdIII intermediate
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NN
PdIII
PdIII O
O
O
O
OAc
OAc
characterized by X-ray
Scheme 1.9: Dinuclear PdIII complexe proposed as intermeidate.
in the insertion of dioxygen into a Pd-Me bond.[30]
It is noteworthy that no stable mononuclear organometallic PdIII complexes have been reported by
now. Since PdIII prefer distorted Oh geometry,[23, 31] it is possible that the tetradentate ligand
N,N′-di-R-2,11-diaza[3.3](2,6)pyridinophane (RN4; R = simple alkyl group such as methyl, iPr, tBu,
etc.) can stabilize a PdIII species, while leaving two coordination sites available for various exogenous
ligands. In 2010, Dr Khusnutdinova in our group reported the first example of stable mononuclear
organometallic PdIII complexes, which undergoes a remarkable light-induced elimination of the
homocoupled products ethane.[32]The observed formation of ethane frommonomethyl Pd complexes
were unprecedented. On the other hand, it has great significance in the oxidative methane
oligomerization. In this research, the tetradentate ligand successfully stabilized the PdIII centers.
However, no stable PdIV complexes were isolated. We reasoned that was due to the clash of the bulky tBu
ligand with the methyl group in the equatorial plane. So a smaller ligand such as methyl or iPr would help
to relieve some of the steric hindrance caused by tBu.
In 2012, the same authors reported the aerobic oxidation of a PdII dimethyl complex (tBuN4PdMe2)
leads to selective ethane elimination from a PdIII intermediate ([tBuN4PdIIIMe2]+).[33]More
interestingly, the tBuN4PdIIMe(OH) complex formed upon ethane elimination seems to be able to
activate weak C-H bonds such as in acetone and terminal alkynes (Scheme 1.11 on page 12)This is the
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N Pd
II
N
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Me
Cl
N
N
N Pd
III
N
tBu
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Me
Cl
[O] 25±%
80±4%
[tBuN4PdIIMe(MeCN)]+
+
+ Me-Me
hν, 6 h
Scheme 1.10: Photo activated C-C bond formation from tBuN4PdIIIMeCl.
first example of C-C bond formation upon aerobic oxidation of a PdII dimethyl complex, and more
importantly, this work suggests a potential catalytic cycle for aerobic oxidative coupling of C-H bonds.
Based on these results, we proposed a catalytic cycle for C-H activation and C-C bond formation
involving PdII/III/IV oxidation states, as shown in Scheme 1.12 on page 13.
tBuN4PdMe2
O2/ROOH
PhH-MeOH
       RT
[tBuN4PdIIIMe2]+
OH-
- Ethane
tBuN4PdIIMeOH
Acetone
tBuN4Pd
O
tBuN4Pd
HC C6H4Me
C6H4Me
Scheme 1.11: Aerobic oxidation induced C-C bond formation from tBuN4PdMe2 and subsequent
C-H activation.
Following this research, we modified the tetradentate ligands
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Scheme 1.12: Proposed C-H activation and C-C bond formation catalytic cycle involving PdII/III/IV.
N,N′-di-tBu-2,11-diaza[3,3](2,6)pyridinophane by replacing the tBu groups on the amino nitrogen with
smaller iPr groups. This modification turned out to be able to stabilize both PdIII and PdIV oxidation
states, as compared to the fact that only PdIII oxidation states (tBuN4PdMe2 and tBuN4PdMeCl) were
stabilized by tBuN4. Both PdIII complexes underwent photo activated C-C bond formation, which involve
a radical mechanism initiated by homolysis of Pd-C bond. The PdIV complexes underwent thermolysis to
give C-C or C-Cl bond formation through reductive elimination. This work in report in chapter II.
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1.3 Aerobic oxidation from the perspective of Pd catalysis
Palladium-catalyzed C-H functionalization reactions have been developed over the past two decades as
important and versatile tools in organic synthesis.[7, 8, 34, 35] Despite the wide range of such synthetic
methods, there are not many examples of oxidative C-H functionalization reactions using O2 as terminal
oxidant. Perhaps one of the most famous and successful industrial process of using oxygen as terminal
oxidant is theWacker process, in which the oxygen is used to oxidize the co-catalyst copper, which in turn
oxidizes the active catalyst palladium.
While the majority of aerobic Pd-catalyzed reactions involve a Pd0/PdII catalytic cycle,[36–44] several
recent studies have proposed high-valent PdIII or PdIV species as active intermediates in aerobic C-H
functionalization reactions.[9, 10, 45–48]
Our group has pioneered in the use of multidentate flexible ligands to stabilize high-valent PdIII and
PdIV complexes and studied in detail their reactivity.[32, 33, 49–55] For example, our group reported the
observation of C-C bond formation form the the first stable mononuclear PdIII monomethyl complexe.
More interestingly, these high-valent Pd species can be generated via aerobic oxidation of PdII
precursors,[33, 50] which represents an improvement over the commonly used expensive and hazardous
oxidants such as hypervalent iodine, oxone, XeF2, NBS, etc. Such strong oxidants are typically used to
generate high-valent Pd intermediates in catalytic or stoichiometric reactions.[9, 10, 45–48]We reasoned
that by using multidentate strong electron donating ligands one would expect much lower oxidizing
potentials of the metal complexes. Indeed, we have been able to realize the aerobic oxidation of PdII
precursors to either PdIII [32] or PdIV[50] species stabilized by tetradentate ligand RN4 and tridentate
ligand tacn, respectively.
During the mechanistic study, we found a methyl group transfer step preceeding the formation of
PdIV.[32, 50, 53]This raised a question to us: is this methyl group transfer a necessary step to PdIV? In
other word, for a structure without a transferable methyl group, what will the oxidation mechanism be?
To this purpose, we set forth to synthesize the dihydrocarbyl palladacycle complex stabilized by the
14
tridentate ligandMe3tacn, and investigate its aerobic oxidation reactivity, as well as the potential
C-C/C-O reductive elimination reaction. This work is reported in Chapter V.
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Theman with a new idea is a crank until the idea succeeds.
Mark twain, American writer.
2
Structural and Reactivity Comparison of Analogous
Organometallic Pd(III) and Pd(IV) complexes.*
* Reproduced in part with permission fromDalton Trans., 2012, 41, 14046. ©The Royal Society of
Chemistry 2012. [1]
Following the first example of stable mononuclear organometallic PdIII complexes, we modified the
tetradentate ligands N,N′-di-tBu-2,11-diaza[3,3](2,6)pyridinophane by replacing the tBu groups on the
amino nitrogen with smaller iPr groups. This modification turned out to be able to stabilize both PdIII and
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PdIV oxidation states, as compared to the fact that only PdIII oxidation states (tBuN4PdMe2 and
tBuN4PdMeCl) were stabilized by tBuN4. Both PdIII complexes undergo photo activated C-C bond
formation, which involve a radical mechanism initiated by homolysis of Pd-C bond. The PdIV complexes
undergo thermolysis to give C-C or C-Cl bond formation through reductive elimination.
2.1 Introduction
The common oxidation states of Pd are Pd0/II/IV, especially the Pd0/II, which are commonly involved in
many classical palladium catalyzed transformations. On the other hand, PdIII is very rarely reported.
Recently, PdIII complexes have been proposed as catalytically active intermediates in various oxidative
organic transformations that complement the conventional Pd0/II catalysis. To develop a complementary
catalysis to the traditional Pd0/II, we endevored to design a system involving the uncommon PdIII/IV
oxidation states. Our initial hypothesis is that the PdIII/IV catalysis will have different selectivity vs. the
tradition Pd0/II system. Plus, this PdIII/IV catalysis may help to mitigate the Pd black problem, which has
long plagued the Pd0/II catalysis. In this context, development of ligand systems that can stabilize both
PdIII and PdIV complexes in a similar coordination environment can provide key insight into the
mechanism of these important catalytic transformations, especially for systems in which either one or
both oxidation states have been proposed to be responsible for the observed reactivity.[2–4]
TheMirica group has recently reported the first mononuclear organometallic PdIII complexes –
stabilized by a tetradentate ligand N,N’-di-tert-butyl-2,11-diaza[3,3](2,6)pyridinophane (tBuN4), and
studied their C−C bond formation reactivity.[5]We have also investigated the involvement of PdIII
species in aerobically-induced C-C bond formation from PdII precursors[6] and in Kharasch radical
additions.[7] To further probe the electronic and steric impact of the ligand onto the final complexes, we
modified the substitutents on the amino nitrogen of tBuN4 ligand. One of the variation is replacing tBu
group with iPr group to give the iPrN4pyridonophane ligand analog. In this chapter, the preperation and
full characterization of a series of rare and interesting mononuclear PdIII and PdIV complexes are reported.
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Their photo induced C-C bond formation as well as C-X bond formation reactivity are discussed in detail.
Comprehensive mechanistic studies were also carried out to gain insight into the reaction, which include
isotopic labling, radical trapping as well as crossover reactions. The first wavelength dependent photolysis
for some of the RN4PdIII complexes were conducted. We think by looking into the specific wavelengths
which triggers the Pd-C bond homolysis, we can infer the bond dissociation energy. This represents the
easy and practical way of studying bond dissociation energy.
2.2 Experimental Details
2.2.1 General specifications
All operations were performed under a nitrogen atmosphere using standard Schlenk and glove box
techniques if not indicated otherwise. All reagents for which the syntheses are not given were purchased
from Sigma-Aldrich, Acros, STREM, or Pressure Chemical and were used as received without further
purification. Solvents were purified prior to use by passing through a column of activated alumina using
anMBRAUN SPS. 2,11-diaza[3,3](2,6)pyridinophane (HN4), (PhCN)PdIICl2, (COD)PdIICl2,
(COD)PdIIMeCl, and (Me)2SPdIICl2 were prepared according to literature procedures. The synthesis
and characterization of complexes (tBuN4)PdMeCl, (tBuN4)PdMe2, [(tBuN4)PdIIIMeCl]+, and
[tBuN4PdIII Me2]+ were reported previously. NMR spectra were obtained on a VarianMercury-300
spectrometer (300.121MHz) or a Varian Unity Inova-600 spectrometer (599.746MHz). Chemical shifts
are reported in parts per million (ppm) with residual solvent resonance peaks as internal references.
Abbreviations for the multiplicity of NMR signals are singlet (s), doublet (d), triplet (t), quartet (q),
septet (sep), multiplet (m), broad resonance (br). Solution magnetic susceptibility measurements for
PdIII complexes were obtained at 293 K by the Evans method using coaxial NMR tubes and CD3CN as
solvents, and the corresponding diamagnetic corrections were included. UV-visible spectra were recorded
on a Varian Cary 50 Bio spectrophotometer and are reported as λmax, nm (", M-1cm-1). EPR spectra were
recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in PrCN-MeCN (3:1) at 77 K. ESI-MS
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experiments were performed using a linear quadrupole ion trap Fourier transform ion cyclotron
resonance mass spectrometer (LTQ-FTMS,Thermo, San Jose, CA) or a Bruker Maxis Q-TOFmass
spectrometer with an electrospray ionization source. ESI mass-spectrometry was provided by the
Washington University Mass Spectrometry Resource. Elemental analyses were carried out by the
Columbia Analytical Services Tucson Laboratory.
Electrochemical MeasurementsCyclic voltammetry (CV) studies were performed with a BASi EC
Epsilon electrochemical workstation or CHI Electrochemical Analyzer 660D. Electrochemical grade
Bu4NClO4, Bu4NPF6, or Bu4NBF4 from Fluka were used as the supporting electrolytes. The
electrochemical measurements were performed under a blanket of nitrogen, and the analyzed solutions
were deaerated by purging with nitrogen. A glassy carbon disk electrode (GCE) was used as the working
electrode, and a Pt wire as the auxiliary electrode. The non-aqueous Ag-wire reference electrode assembly
was filled with 0.01M AgNO3/0.1 M Bu4NClO4/MeCN solution. The reference electrodes were
calibrated against ferrocene at the end of each CVmeasurement.
Controlled potential electrolysis Electrochemical oxidations were performed in a two-compartment bulk
electrolysis cell (BASi) separated by a fine-frit glass junction at room temperature. A reticulated vitreous
carbon working electrode was used in the anodic compartment equipped with a magnetic stirring bar. A
platinum gauze (25 mm x 10 mm) was used as the auxiliary electrode in the cathodic compartment. A
non-aqueous Ag/0.01M AgNO3 electrode was used as a reference electrode. Prior to electrolysis, a CV
of the PdII precursor was performed in the same setup. The potential of electrolysis was set to be 100
mV-200 mVmore positive than the corresponding oxidation peak potential observed in the CV scan. All
solvents (CH2Cl2 orMeCN) were dried by passing through a column of activated alumina.
Electrochemical grade Bu4NClO4 from Fluka was used as supporting electrolyte (0.03-0.1 M).
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Figure 2.2.1: Synthesis of iPrN4
2.2.2 Synthesis of iPrN4 and iPrN4Pd complexes
Synthesis of iPrN4
iPrN4 was synthesized by alkylating of HN4, which was synthesized using reported synthetic
procedures.[10] HN4 (0.62 g, 2.58 mmol), isopropylbromide (12.1 mL, 129 mmol, 50 equiv), anhydrous
K2CO3 (4.3 g, 31 mmol, 12 equiv), and dryMeCN (150 mL) were charged into a 250 mL RB flask with a
magnetic stir bar. The reaction mixture was refluxed under N2 for 4 days. The solution was then cooled to
RT and the solvent removed under reduced pressure. The residue was suspended in 100 mL of CH2Cl2
and then washed with 1MNaOH and water. The CH2Cl2 layer was isolated, dried over anhydrous
MgSO4, evaporated, and further dried under vacuum to give a pale yellow powder. Yield: 0.59 g, 71.3%.
1HNMR (300MHz, CDCl3), δ: 7.08 (t, J = 7.5 Hz, 2H, py-H), 6.74 (d, J = 7.5 Hz, 4H, py-H), 3.88 (s,
8H, -CH2-, ), 3.26 (sep, J = 6.6 Hz, 2H, iPr-CH), 1.24 (d, J = 6.3 Hz, 12H, iPr-CH3,).13CNMR
(300MHz, CDCl3), δ: 158.9, 135.5, 122.5, 60.1, 58.3, and 19.2.
The protonated ligands [iPrN4H]+ and [iPrN42H]2+ were generated bymixing iPrN4with 1 or 2 equiv
of H+.
[iPrN4H]+: 1HNMR (300MHz, CD3CN), δ: 7.97, (t, J = 7.5 Hz, 2 H, py-H), 7.41 (d, J = 7.8 Hz, 4H,
py-H), 4.17 (br, 8H, -CH2-), 3.03 (m, J = 6.6 Hz, 2H, iPr-CH), 1.03 (d, J = 6.3 Hz, 12H, iPr-CH3).
[iPrN42H]2+: 1HNMR (300MHz, CD3CN), δ: 10.74, (br, 2H, amine-NH+), 7.51 (t, J = 7.8 Hz, 2H,
py-H), 7.07 (d, J = 7.8 Hz, 4H, py-H), 4.71 (d, J = 14.7 Hz, 4H, -CH2-), 4.29 (dd, J1= 15 Hz, J2 = 3.6 Hz,
4H, -CH2-), 4.20 (m, J = 6.6 Hz, iPr-CH), 1.57 (d, J = 6.6 Hz, 12H, iPr-CH3).
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Figure 2.2.2: 1H NMR spectrum of iPrN4 in CDCl3.
Preparation of iPrN4PdCl2.
(PhCN)2PdCl2 +
iPrN4
DCM  ! iPrN4PdCl2 + 2 PhCN (2.1)
iPrN4 (30 mg, 0.092 mmol) was dissolved in 10 mL of dry DCM, and then added slowly to a stirred
solution of (PhCN)2PdCl2 in 10 mL of dry DCM.The orange suspension was stirred overnight at RT.
The resulting clear orange solution was condensed to dryness to give semi-solid brown film. The residue
was redissolved in 1 mL of DCM, followed by addition of 10 mL of diethyl ether. The resulting precipitate
was filtered off, washed by ether, and pentane, and then further dried to give brown yellow powder. Yield:
42.3 mg, 91.6%.
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Figure 2.2.3: 13C NMR spectrum of iPrN4 in CDCl3.
ESI-MS of solution of iPrN4PdIICl2 in MeCN, m/z 465.1034; calculated for [M-Cl]+, C20H28ClN4Pd,
465.1037.
Anal. Found: C, 47.64; H, 6.06; N, 10.67; Calcd for iPrN4PdIICl2 C20H28Cl2N4Pd: C, 47.87; H, 5.62;
N, 11.17.
1HNMR (300MHz, CD3Cl), δ: 7.51 (t, J = 7.5Hz, 2H, py-H), 7.09 (br, 4H, py-H), 6.35 (br, 4H,
-CH2-), 4.37 (br, 4H, -CH2-), 3.32 (br, 2H, iPr-CH), 1.32 (br, 12H, iPr-CH3).
Preparation of iPrN4PdIIMeCl
(COD)PdCl2 +
iPrN4
Ether  ! iPrN4PdMeCl+ COD (2.2)
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iPrN4 (40 mg, 0.123 mmol) and (COD)PdMeCl (32.4mg, 0.123mmol) were put in a 50 mL RB flask with
a magnetic stir bar. The flask was evacuated and refilled with N2 three times, and then 20 mL of dry
diethyl ether was injected into the flask via a syringe. The resulting solution was stirred vigorously in the
dark for 2 days. The resulting pale yellow precipitate was collected by suction filtration, washed by diethyl
ether, pentane, and further dried under vacuum to give pale yellow powder. Yield: 46.9 mg, 79.2%.
ESI-MS of iPrN4PdIIMeCl inMeCN, m/z 445.1579; calcd. for [iPrN4PdIIMe]+, C21H31N4Pd,
445.1583.
Anal. Found: C, 51.80; H, 6.47; N, 11.03; calcd. for C21H31ClN4Pd: C, 52.40; H, 6.49; N, 11.64.
1HNMR (300MHz, CD3CN), δ: 7.50 (br, 2H, py-H), 7.09 (br, 4H, py-H), 5.64 (br, 4H, -CH2-), 4.23
(br, 4H, -CH2-), 3.37 (sep, J = 6.6 Hz, 2H, iPr-CH), 1.28 (d, J = 6.6 Hz, 12H, iPr-CH3), 0.56 (s, 3H,
Pd-CH3).
Preparation of iPrN4PdMe2
(Me2S)2PdCl2 + 2MeLi+
iPrN4
Ether/THF       !
-78C to -10C
iPrN4PdMe2 + 2Me2S+ 2 LiCl (2.3)
Under nitrogen, (Me2S)2PdCl2 (40 mg, 0.132 mmol) was suspended in 30 mL of dry diethyl etherThe
solution was put in a dry ice/ acetone bath for30 min. After the solution was fully cooled down, MeLi
(1.6 M in diethyl ether, 0.34 mL, 4 equiv.) was injected. The solution became colorless in about one hour,
serving as an indication of complete methylation. iPrN4 (40 mg, 0.93 equiv.) was dissolved in a mixture of
THF and diethyl ether (9 mL/6 mL), and then was cooled to -78C.The pre-cooled solution was
transferred into the reaction solution via cannula to give a light brown-yellow solution. After the solution
was added, the cold bath was replaced with dry ice/MeCN bath. The solution was maintained in the cold
bath at -40C for 5 hrs, and then the dry ice was removed and the system was allowed to warm up slowly
to -15C.Work up was commenced at -20C by injection of 1.5 mL of saturated aq. NH4Cl, followed by
20 min of stirring in ice bath. The flask was opened to air and the top clear solution was transferred into
29
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Figure 2.2.4: 1H NMR spectrum of iPrN4PdMeCl in CD3CN.
another dry flask, and then dried over anhydrous MgSO4 in ice bath. The solvent was evaporated with
rotary evaporator in ice bath. The crude product was washed by 2 mL of pentane twice and then dried
under vacuum to afford pure pale brown product Yield: 30.0 mg, 52.8%.
ESI-MS of iPrN4PdII Me2 in MeCN, m/z 445.1579; calcd. for [iPrN4)PdIIMe]+, 445.1583.
Anal. Found: C, 56.39; H, 7.41; N, 10.73; calcd. for iPrN4PdIIMe21/2(H2O)1/2(Et2O): C, 56.85; H,
7.95; N, 11.05.
1HNMR (300MHz, acetone-d6), δ: 7.42, (t, J = 7.8 Hz, 2H, py-H), 7.02 (d, J = 7.7 Hz, 4H, py-H,),
5.81 (d, J = 12.2 Hz, 4H, -CH2-), 4.06 (d, J =12.1 Hz, 4H, -CH2-), 3.37 (sep, J = 6.6 Hz, 2H, iPr-CH),
1.28 (d, J = 6.6 Hz, 12H, iPr-CH3), 0.07 (s, 6H, Pd-CH3).
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Figure 2.2.5: 1H NMR spectrum of iPrN4PdMe2 in acetone-d6.
Preparation of iPrN4PdII(CD3)2
CODPd(CD3)2 +
iPrN4
Ether  ! iPrN4Pd(CD3)2 + COD (2.4)
The deuterated complex iPrN4PdII(CD3)2 was prepared by reacting iPrN4 with freshly prepared
(COD)Pd(CD3)2 following a reported procedure.10 iPrN4PdII(CD3)2 was obtained as a white solid in
46% yield. The 1HNMR spectrum of the product is identical to that of iPrN4PdIIMe2 except for the
missing singlet of Pd-Me2 group.
1HNMR (300MHz, CD3CN), δ: 7.41 (t, J = 7.7 Hz, 2H, Py-H), 7.02 (d, J = 7.7 Hz, 4H, py-H), 5.81
(d, J = 12.4 Hz, 4H, -CH2-), 4.05 (d, J = 12.4 Hz, 4H, -CH2-), 3.37 (m, J = 6.6 Hz, 2H, iPr-CH), 1.28 (d, J
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= 6.6 Hz, 12H, iPr-CH3).
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Figure 2.2.6: 1H NMR spectrum of iPrN4Pd(CD3)2 in CD3CN.Note: peak at 2.14 ppm is from water
in the CD3CN.
Preparation of [iPrN4PdIIICl2]ClO4
The controlled potential electrolysis was performed in a stirred suspension of iPrN4PdIICl2 (60.0 mg, 0.13
mmol) in 8 mL of 0.1M Bu4NClO4 solution in DCM inside the working compartment of the electrolysis
cell, and another 8 mL 0.1M Bu4NClO4 solution in DCM inside the auxiliary compartment. The
electrolysis potential was set as 1.10 V vs. Ag/0.01M AgNO3 based on the CVmeasured in the same
electrolysis cell. The color of the solution turned very dark greenish quickly during the electrochemical
oxidation process. The electrolysis was stopped when the electrolysis current decreased to a few μA.The
32
dark greenish solution was set for ether diffusion at -20C for a few days to afford dark green crystals
suitable for X-ray crystallography. Then, the crystals were filtered, washed with ether and pentane and
dried in vacuo. Yield: 19.7mg, 27.4%.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 653(1665), 383(3238). μeff = 1.92 μB (Evans method,
dmso-d6).
ESI-MS of solution of [iPrN4PdIIICl2](ClO4) in MeCN, m/z 500.0723; calculated for
[iPrN4PdIIICl2]+, C20H28Cl2N4Pd, 500.0726.
Anal. Found: C, 40.57; H, 5.06; N, 9.93; Calcd for [iPrN4PdIIICl2]ClO4: C20H28Cl3N4O4Pd: C,
39.95; H, 4.69; N, 9.32.
Preparation of [iPrN4PdIIIMeCl]ClO4
The controlled potential electrolysis was performed in a stirred suspension of iPrN4PdIIMeCl (19.3 mg,
0.0401 mmol) in 8.0 mL of 0.1M Bu4NClO4 solution in DCM inside the working compartment of the
electrolysis cell, and another 8.0 mL 0.1M Bu4NClO4 solution in DCM inside the auxiliary
compartment. The electrolysis potential was set as 600 mV vs. Ag/0.01M AgNO3 based on the CV
measured in the same electrolysis cell. The color of the solution turned dark blue quickly during the
electrochemical oxidation process. The electrolysis was stopped after the charge corresponding to one
electron oxidation was transferred. The remaining dark blue solution was set for ether diffusion at -20C
for a few days to afford dark blue crystals suitable for X-ray crystallography. Then, the crystals were
filtered, washed with ether and pentane and dried in vacuo. Yield: 10.2 mg, 44.1%.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 658 (810), 517 (580), 312 (4020). μeff = 1.92 μB (Evans
method, dmso-d6).
ESI-MS [iPrN4PdIIIMeCl]ClO4 in MeCN, m/z 480.1269; calculated for [iPrN4PdIIIMeCl]+, 480.1272.
Anal. Found: C, 43.91; H, 5.67; N, 9.62; calcd. for [iPrN4PdIIIMeCl]ClO4: C, 43.43; H, 5.38; N, 9.65.
33
Preparation of [iPrN4PdIIIMe2]ClO4
Under Nitrogen, FcPF6 (30.1 mg, 0.091 mmol) was dissolved in 2 mL of MeCN, and then was added
dropwise into the solution of iPrN4PdMe2 (44.1 mg, 0.096 mmol) in 4 mL of MeCNwhile stirring. After
the addition, the resulted green solution was stirred for 30 min, and then was evaporated to dryness. The
residue was redissolved in 0.8 mL of MeCN, and then filtered through celite into a 5 mL vial with LiClO4
(30.3 mg, 0.287 mmol, 3 equiv.) in it. Diethyl ether was layered on top of the dark solution and the
solution was put in -30C freezer. Black crystals formed over a few days were collected and washed by
ether, dried under vacuum to give the final product Yield: 14.2 mg, 0.0253 mmol, 26.7%.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 666 (623), 500 (500), 339 (4545). μeff = 1.97 μB (298 K,
Evans method, CD3CN).
ESI-MS of [iPrN4PdIIIMe2]ClO4 in MeCN, m/z 460.1814; calcd. for [iPrN4PdIIIMe2]+, 460.1818.
Anal. Found: C, 45.63; H, 5.92; N, 10.12; calcd. for [iPrN4PdIIIMe2]ClO4 H2O: C, 45.68; H, 6.27; N,
9.69.
[iPrN4PdIII(CD3)2]ClO4, was synthesized using a similar procedure as for [iPrN4PdIIIMe2]ClO4 and
obtained in 28% yield.
Preparation of [iPrN4PdIVMeCl](ClO4)2
[iPrN4PdIIIMeCl]ClO4 (3.0 mg, 0.005 mmol) was dissolved in 1.0 mL of CD3CN and transferred into an
NMR tube. 1 equiv of NOBF4 (21.1 mM in CD3CN) was added to the NMR tube, mixed, and the 1H
NMRwas recorded immediately. The product could not be isolated due to its instability.
1HNMR of [iPrN4PdIVMeCl](ClO4)2 in CD3CN: δ: 8.14 (d, J = 8.1 Hz, 1H, py-H), 8.10 (t, J = 8.1
Hz, 1H, py-H), 7.60 (t, J = 8.1 Hz, 4H, py-H) , 5.44 (d, J = 16.2 Hz, 2H, -CH2-), 5.34 (d, J = 17.4 Hz, 2H,
-CH2-), 4.65 (d, J = 16.8 Hz, 2H, -CH2-), 4.63 (d, J = 17.4Hz, 2H, -CH2-), 4.09 (m, J = 6.6 Hz, 2H,
iPr-CH), 3.39 (s, 3H, Pd-Me), 1.59 (d, J = 6.3Hz, 6H, iPr-CH3), 1.53 (d, J = 6.6 Hz, 6H, iPr-CH3).
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Figure 2.2.7: 1H NMR spectrum of iPrN4PdIVMeCl in CD3CN. Note: the peak at 3.61 ppm is from
the internal standard dioxane.
Preparation of [iPrN4PdIVMe2](PF6)2
A solution of FcPF6 (41.2 mg, 0.1245 mmol) in 2 mLMeCNwas added dropwise into a stirred
suspension of iPrN4PdMe2(28.0 mg, 0.0607 mmol) in 5 mLMeCN under N2. The solution was stirred in
the dark for 30 min and then filtered through a cotton plug. The solvent was evaporated and the residue
dissolved in a small amount of MeCN, followed by addition of large amount of ether. The dark blue-green
solution was decanted and the brown yellow precipitate was washed with diethyl ether until the ether
wash became colorless; the brown yellow powder was dried under vacuum. X-ray quality crystals were
obtained by ether diffusion into aMeCN solution. Yield: 25.8 mg, 56.7%.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 580 (164), 349 (3648), 251 (12875).
35
ESI-MS of [iPrN4PdIVMe2](PF6)2 in MeCN, m/z 230.0907; calcd. for [iPrN4PdIVMe2]2+, 230.0908.
Anal. Found: C, 35.48; H, 4.12; N, 7.34; calcd. for [iPrN4PdIVMe2](PF6)2: C, 35.19; H, 4.56; N, 7.46.
1HNMR in CD3CN: δ: 7.91 (t, J = 7.8 Hz, 2H, py-H), 7.39 (d, J = 7.8 Hz, 4H, py-H), 5.11 (d, J =
16.2Hz, 4H, -CH2-), 4.49 (d, J = 16.2 Hz, 4H, -CH2-), 3.87 (m, J = 6.6 Hz, 2H, iPr-CH), 2.61 (s, 6H,
Pd-Me), 1.46 (d, J = 6.6 Hz, 12H, iPr-CH3).
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Figure 2.2.8: 1H NMR spectrum of iPrN4PdIVMe2 in CD3CN.
[iPrN4PdIV(CD3)2](PF6)2 was synthesized following a similar procedure to give the product in 43%
yield. The1HNMR spectrum of the product is identical to that of [iPrN4PdIVMe2](PF6)2 except for the
missing singlet of the Pd-Me group.
36
2.2.3 Uv-vis spectra of iPrN4PdII complexes
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Figure 2.2.9: Uv-vis spectrum of iPrN4PdIVMe2 in MeCN.
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Figure 2.2.10: Uv-vis spectrum of iPrN4PdIIICl2 in MeCN (0.43 mmol).
37
300 400 500 600 700 800 900 1000
0
1
2
3
4
5
6
 
 
 (m
M
-1
*c
m
-1
)
(nm)
Figure 2.2.11: Uv-vis spectrum of iPrN4PdIIIMeCl in MeCN (0.41 mmol).
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Figure 2.2.12: Uv-vis spectrum of iPrN4PdIIIMe2 in MeCN (0.16 mmol).
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2.2.4 Cyclic voltammograms of iPrN4PdII complexes
Cyclic voltammetry (CV) studies were performed with a BASi EC Epsilon electrochemical workstation
or CHI Electrochemical Analyzer 660D. Electrochemical grade Bu4NClO4, Bu4NPF6, or Bu4NBF4 from
Fluka were used as the supporting electrolytes. The electrochemical measurements were performed
under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with nitrogen. A glassy
carbon disk electrode (GCE) was used as the working electrode, and a Pt wire as the auxiliary electrode.
The non-aqueous Ag-wire reference electrode assembly was filled with 0.01M AgNO3/0.1 M
Bu4NClO4/MeCN solution. The reference electrodes were calibrated against ferrocene at the end of each
CVmeasurement.
Note: The presence of two oxidation and two reduction waves for the PdII/III redox couple is likely due
to presence of two conformations of iPrN4PdII complexes in solution.
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Figure 2.2.13: Cyclic voltammogram of iPrN4PdIICl2 in 0.1 M Bu4NClO4/DCM. GCE electrode (d =
3mm), 100 mV/s scan rate.
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Figure 2.2.14: Cyclic voltammogram of iPrN4PdIIMeCl in 0.1 M Bu4NClO4 / CH2Cl2. Conditions:
GCE, 100 mV/s.
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Figure 2.2.15: Cyclic voltammogram of iPrN4PdIIMe2 in 0.1 M Bu4NClO4 / CH2Cl2. Conditions:
GCE, 100 mV/s.
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2.2.5 EPR of iPrN4PdIII complexes
EPR spectra were recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer in PrCN-MeCN
(3:1) at 77 K.
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Figure 2.2.16: EPR spectrum of iPrN4PdIIICl2 in 3 : 1 PrCN/MeCN, Glass, 77K.
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Figure 2.2.17: EPR spectrum of [iPrN4PdIIIMeCl]ClO4 in 3:1 PrCN:MeCN glass, 77K. Frequency:
9097.799 MHz. Simulated spectrum parameters: gx = 2.228 (AN = 0, linewidth 38.0 G), gy = 2.115
(AN = 0, linewidth 46.0 G), gz = 2.011 (AN = 21.3, linewidth 18.3 G)
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Figure 2.2.18: EPR spectrum of [iPrN4PdIIIMe2]ClO4 in 3:1 PrCN:MeCN glass, 77K. Frequency:
9097.611 MHz. Simulated spectrum parameters: gx = 2.184 (AN = 15.0, linewidth 13.0 G), gy =
2.184 (AN = 15.0, linewidth 13.0 G), gz = 1.989 (AN = 20.4, linewidth 10.7 G)
2.2.6 X-ray structure determinations of iPrN4PdIII/IV complexes
Crystals of appropriate dimension were mounted on aMitgen cryoloops in a random orientation.
Preliminary examination and data collection were performed using a Bruker Kappa Apex II Charge
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford
Cryostream LT device. All data were collected using graphite monochromatedMo Kα radiation (λ=
0.71073 Å) from a fine focus sealed tube X-Ray source. Preliminary unit cell constants were determined
with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and φ scan frames with
typical scan width of 0.5  and counting time of 15-30 seconds/frame at a crystal to detector distance of
3.5 cm. The collected frames were integrated using an orientation matrix determined from the narrow
frame scans. Apex II and SAINT software packages[8] were used for data collection and data integration.
Analysis of the integrated data did not show any decay. Final cell constants were determined by global
refinement of xyz centroids of reflections from the complete data set. Collected data were corrected for
systematic errors using SADABS[8] based on the Laue symmetry using equivalent reflections.
Structure solution and refinement were carried out using the SHELXTL- PLUS software package.[9]
Full matrix least-squares refinement was carried out by minimizing Σw(Fo2-Fc2)2. The non-hydrogen
42
atoms were refined anisotropically to convergence. Typically, H atoms are added at the calculated
positions in the final refinement cycles.
Acknowledgement: Funding from the National Science Foundation (MRI, CHE-0420497) for the
purchase of the ApexII diffractometer is acknowledged.
Figure 2.2.19: ORTEP diagram of iPrN4PdIIIMeCl. Selected bond distances (Å) are: Pd(1)-C(1)
2.036(3); Pd(1)-N(2) 2.067(3); Pd(1)-N(1) 2.120(3); Pd(1)-N(3) 2.355(3); Pd(1)-Cl(1) 2.3712(9);
Pd(1)-N(4) 2.394(3).
Figure 2.2.20: ORTEP diagram of iPrN4PdIIIMe2. Selected bond distances (Å) are: Pd(1)-C(1)
2.033(4); Pd(1)-C(2) 2.042(4); Pd(1)-N(2) 2.132(3); Pd(1)-N(1) 2.165(3); Pd(1)-N(3) 2.429(3);
Pd(1)-N(4) 2.452(3).
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Figure 2.2.21: ORTEP diagram of iPrN4PdIVMe2. Selected bond distances (Å) are: Pd(1)-C(2)
2.031(10); Pd(1)-N(1) 2.040(9); Pd(1)-N(2) 2.053(8); Pd(1)-C(1) 2.060(10); Pd(1)-N(3) 2.173(8);
Pd(1)-N(4) 2.176(8).
Figure 2.2.22: ORTEP diagram of iPrN4PdIII(p-tolyl)Cl. Selected bond distances (Å) are: Pd(1)-
C(1) 2.027(5); Pd(1)-N(1) 2.075(4); Pd(1)-N(2) 2.161(4); Pd(1)-Cl(1) 2.3586(14); Pd(1)-N(3)
2.384(4); Pd(1)-Cl(1’) 2.411(16); Pd(1)-N(4) 2.416(4).
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2.2.7 Photolysis and thermolysis of iPrN4PdIII/IV complexes
General procedure: All preparations were performed in a nitrogen-filled glovebox. For each
measurement, iPrN4PdIII/IV complexes (4-8 mg) were dissolved in degassed NMR solvents. In order to
avoid the escape of the volatiles into the headspace, the NMR tubes were filled to the top for both
photolysis and thermolysis experiments. All the NMR tubes were sealed with rubber septa and parafilm
after loading the samples. For the photolysis experiments, the NMR tubes were placed in an ice bath and
irradiated with two 100W halogen lamps placed at a distance about 10 cm from the sample. For the
thermolysis experiments, the NMR tubes were placed in a 70Cmineral oil bath. Irradiation or heating
was continued until no further changes were observed by1HNMR. Formation of insoluble products was
not observed during the course of photolysis and thermolysis. After the reaction was complete, dioxane
(1 μL, 11.7 μmol) was injected into the NMR sample as an internal standard to determine the product
yields. The organic products such as C2H6, CH3Cl, TEMPO-Me, [iPrN4H]+, and [iPrN42H]2+ were
identified by comparison of 1HNMRwith authentic samples and literature data. The identity of the
[iPrN4PdIIMe(MeCN)]+, [iPrN4PdIICl(MeCN)]+, and [iPrN4PdII(MeCN)2]2+ products was
determined by comparison of the signals in the NMR spectra with those of known [tBuN4PdII
counterparts and/or independently synthesized samples. Product yields were determined by intergration
of the corresponding NMR peaks relative to the dioxane standard and calculated as [moles of
product]/[moles of iPrN4PdIII/IV]x100% and are reported as averages of 2-4 runs. A long delay time (150
s) was used to quantify the amount of products.
Ethane:1HNMR (CD3CN), δ: 0.85 (s).
Methane:1HNMR (CD3CN), δ: 0.20 (s).
Methylchloride:1HNMR (CD3CN), δ: 3.03 (s).
1-Methoxy-2,2,6,6-tetramethylpiperidine (Me-TEMPO): 1HNMR (CD3CN), δ 1.05 (s, 6H), 1.14 (s,
6H), 1.36-1.56 (m, 6H), 3.56 (s, 3H).
iPrN4:1HNMR (CD3CN), δ 7.08, (t, J = 7.8 Hz, 2 H, py-H), 6.70 (d, J = 7.8 Hz, 4H, py-H), 3.78 (s,
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8H, -CH2-), 3.26 (m, J = 6.6 Hz, 2H, iPr-CH), 1.22 (d, J = 6.6 Hz, 12H, iPr-CH3).
[iPrN4H]+:1HNMR (CD3CN), δ 7.97 (t, J = 7.5 Hz, 2 H, py-H), 7.41 (d, J = 7.8 Hz, 4H, py-H), 4.17
(br, 8H, -CH2-), 3.03 (m, J = 6.6 Hz, 2H, iPr-CH), 1.03 (d, J = 6.3 Hz, 12H, iPr-CH3).
[iPrN42H]2+:1HNMR (CD3CN), δ 7.51 (t, J = 7.8 Hz, 2H, py-H), 7.07 (d, J = 7.8 Hz, 4H, py-H),
4.71 (d, J = 14.7 Hz, 4H, -CH2-), 4.29 (dd, J1= 15 Hz, J2 = 3.6 Hz, 4H, -CH2-), 4.20 (m, J = 6.6 Hz,
iPr-CH), 1.57 (d, J = 6.6 Hz, 12H, iPr-CH3).
Note: The protonated ligands [iPrN4H]+ and [iPrN42H]2+ were synthesized by mixing the free ligand
with 1 or 2 equiv of 1.0 MHCl.
[iPrN4PdIIMe(MeCN)]+:1HNMR (CD3CN), δ 7.49 (t, J = 7.5 Hz, 2H, py-H), 7.08 (d, J = 7.4 Hz, 4H,
py-H), 5.90-5.40 (m, 4H, NCH2), 4.22 (d, J = 12.7 Hz, 4H, NCH2), 3.33 (m, J = 6.6 Hz, 2H, iPr-CH),
1.35-1.15 (m, 12H, iPr-CH3), 0.52 (s, 1.5H, PdCH3), 0.32 (s, 1.5H, Pd-CH3).
[iPrN4PdIICl(MeCN)]+:1HNMR (CD3CN), δ 7.64 (br, 2H, py-H), 7.14 (br, 4H, py-H), 6.1 (br,
-CH2-), 4.7 (br, -CH2-), 3.9 (br, -CH2-), 1.53 (br, 12H, iPr-CH3).
[iPrN4PdII(MeCN)2]2+:1HNMR (CD3CN), δ 7.64 (t, 2H, py-H, J = 7.8 Hz), 7.16 (d, 4H, py-H, J =
7.8 Hz), 4.74 (d, 4H, NCH2, J = 15.0 Hz), 4.38 (d, 2H, NCH2, J = 15.0 Hz), 4.33 (d, 2H, NCH2, J = 15.0
Hz) 4.23 (m, 2H, iPr-CH, J = 6.9 Hz), 1.53 (d, 12H, iPr-CH3, J = 6.6 Hz).
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[iPrN4PdIIIMeCl]+ Me-Me  +  MeCl  +  CH4  +  [iPrN4PdIIX(MeCN)]+
17±2%     21±4%   7±1%         X=Me: 25±4%
MeCN, 6h
hν, 0 oC
X=Cl: 41±1%
[iPrN4PdIIIMe2]+
28±1%     9±2%               73±2%
Me-Me  +  CH4  +  [iPrN4PdIIMe(MeCN)]+
19±1%     3±1%                45±8%                        64±5%
Me-Me  +  CH4  +  [iPrN4PdIIMe(MeCN)]+  + TEMPO-Me
hν, 0 oC
MeCN, 6h
hν, 0 oC
MeCN, 6h
TEMPO
Scheme 2.1: Reactivity of iPrN4PdIII complexes.
MeCl   +   [iPrN4PdII(MeCN)2]2+
52±1%               39±1%
[iPrN4PdIVMeCl]2+ RT, dark
MeCN, 10h
[iPrN4PdIVMe2]2+
70 oC
Me-Me  +  CH4  +  [iPrN4PdII(MeCN)2]2+
 54±1%    24±1%             19±1%
MeCN,
64 h
[iPrN4PdIVMe2]2+
hν, 0 oC
Me-Me  +  CH4  +  [iPrN4PdII(MeCN)2]2+
 54±1%    24±1%             45±2%MeCN,1 h
Scheme 2.2: Reactivity of iPrN4PdIV complexes.
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2.3 Results andDiscussion
2.3.1 Synthesis of iPrN4PdII/III/IV complexes
The iPrN4 ligand was synthesized using a modified reported procedures[10, 11] and were used to prepare
the PdII precursors iPrN4PdIIMeCl and iPrN4PdIIMe2. Cyclic voltammetry (CV) studies of the
complexes iPrN4PdIIMeCl and iPrN4PdIIMe2 in MeCN reveal two oxidation waves assigned to PdII/III
and PdIII/IV redox couples, respectively (Figure 2.2.14 on page 40 and Figure 2.2.15 on page 40).
Interestingly, these oxidation potentials increase with the increasing steric bulk of the ligand from MeN4
[12] to iPrN4 to tBuN4[5]. For example, the E1/2III/IV of iPrN4 complexes iPrN4PdIIMeCl and
iPrN4PdIIMe2 are 160 mV lower than those for the analogous tBuN4PdII complexes.[5]The presence of
such low PdIII/IV oxidation potentials and an appreciable separation between the PdII/III and PdIII/IV
potentials suggest that both PdIII and PdIV species can be stabilized by iPrN4.
One-electron oxidation of iPrN4PdIIMeCl by controlled potential electrolysis (CPE) in 0.1 M
Bu4NClO4/MeCN or chemical oxidation with 1 equiv ferrocenium hexafluorophosphate (Fc+PF6-)
generate the PdIII species [iPrN4PdIIIMeCl]+, while oxidation of iPrN4PdIIMe2 with 1 equiv Fc+ yields
[iPrN4PdIIIMe2]+. The X-ray structures of [iPrN4PdIIIMeCl]ClO4 and [iPrN4PdIIIMe2]ClO4 reveal the
presence of the expected distorted octahedral geometry at the d7 PdIII center (Figure 2.2.19 on page 43
and Figure 2.2.20 on page 43). Moreover, the Pd-Naxial distances increase in 0.05 Å steps when going
from iPrN4 to tBuN4 due to the increasing steric clash between the N-substituents and the equatorial
ligands, as can be observed in the space filling models of the PdIII complexes.
The EPR spectra of complexes iPrN4PdIIIMeCl and [iPrN4PdIIIMe2]+ reveal anisotropic signals
corresponding to PdIII centers with a dz2 ground state(Figure 2.2.17 on page 41 and Figure 2.2.18 on
page 42).[5, 6, 13]This is further supported by the presence of superhyperfine coupling to the two axial
N atoms (AN = 12-23 G) that are observed in glassing solvent mixtures at 77 K.
Further chemical oxidation of [iPrN4PdIIIMeCl]+ with 1 equiv nitrosonium tetrafluoroborate
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(NO+BF4-) in MeCN generates [iPrN4PdIVMeCl]2+, while treatment of iPrN4PdMe2 with 2 equiv Fc+
yields the PdIV complexe [iPrN4PdIVMe2]2+. The X-ray structure
[iPrN4PdIVMe2]2+](PF6)2(Figure 2.2.21 on page 44) confirms the presence of PdIV centers with a
pseudo-octahedral geometry and reveals Pd-Naxial distances that are 0.24-0.27 Å shorter than those in the
PdIII analog [iPrN4PdIIIMe2]+ (Figure 2.2.20 on page 43), in line with the preferred octahedral geometry
for a d6 PdIV center vs. the distorted geometry of a d7 PdIII complex.[13–15]TheN-iPr groups of iPrN4 in
[iPrN4PdIVMe2]2+ cause a distortion of the macrocyclic ligand and push theMe ligands out of the
equatorial plane to accommodate the shorter Pd-Naxial distances of the PdIV center (Figure 2.2.21 on
page 44). These structural properties also provide strong support for the observed trend of decreasing
PdIII/IV oxidation potentials from tBuN4 to iPrN4. Interestingly, [iPrN4PdIVMe2]2+ is one of the
uncommon dicationic organometallic complexes and is expected to exhibit an increased electrophilic
reactivity. Only one other dicationic organometallic PdIV complex has been reported to date.[16]
2.3.2 Reactivities of PdIII and PdIV complexes
The existence of PdIV and PdIII intermediates in various catalytic reactions has recently been
demonstrated or proposed,[17–23] and either one or both types of species have been proposed to be
involved in the observed reactivity.[2–4] In this regard, our ability to isolate PdIII and PdIV complexes in
an identical ligand environment provides a unique opportunity to systematically probe their reactivity in
organometallic reactions. The [iPrN4PdIIIMeCl]+ is stable in the solid state or in solution in the dark, yet
they undergo unselective C-C and C-Cl bond formation in presence of visible light to generate both
ethane and methyl chloride in up to 21% yields (Scheme 2.1 on page 47). Formation of the two products
is suppressed completely in the presence of an effective alkyl radical trap, TEMPO, suggesting a radical
mechanism.[5] By contrast, the thermolysis of [iPrN4PdIVMeCl]2+ complexes leads to selective
formation of MeCl:[iPrN4PdIVMeCl]2+ undergoes reductive elimination even at RT to yield 52%MeCl
(Scheme 2.2 on page 47). The observed reactivity is not affected by TEMPO, indicative of a non-radical
mechanism. Overall, these reactivity studies suggest that preferential formation of PdIV species during
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oxidatively-induced reactions leads to a selective C-Cl bond formation, likely due to the increased
electrophilicity of PdIV vs PdIII centers in SN2 reductive elimination.
Similar comparative reactivity studies were performed for the [iPrN4PdIIIMe2]+ and [iPrN4PdIVMe2]2+
species. Photolysis of the PdIII complex [iPrN4PdIIIMe2]+ produces ethane in30% yield (Scheme 2.1
on page 47). Interestingly, the formation of ethane is only partially suppressed in the presence of
TEMPO, suggesting the potential involvement of both radical and non-radical mechanisms (vide infra).
By comparison, [iPrN4PdIVMe2]2+ generates up to 54% ethane via a non-radical mechanism (Scheme 2.2
on page 47). In addition, photolysis of [iPrN4PdIVMe2]2+ generates ethane in50% yield, both in
absence and presence of TEMPO, suggesting a non-radical mechanism of ethane formation. Therefore,
we propose that a photo-induced dissociation of an axial N donor generates a 5-coordinate intermediate
[κ3-iPrN4PdIVMe2]2+, which is likely to undergo facile reductive elimination (vide infra).[24–27]
Crossover experiments were performed to gain insight into the possible mechanisms of ethane
formation in the photolysis of [iPrN4PdIII(Me)2]+.
Photolysis of [iPrN4PdIIIMeCl]+
[iPrN4PdIIIMeCl]+ undergo non-selective C-C and C-Cl bond formation to give ethane andMeCl when
irradiated by visible light from halogen lamp. The photolysis reactions complete in around 6 hrs. For
example, [iPrN4PdIIIMeCl]+ gave 172% of ethane, 211% of MeCl. Diamagnetic side product was
identified to be [iPrN4PdIICl(solv.)]+ by comparison to its independently synthesized samples. Less
ethane was obtained comparing to [tBuN4PdIIIMeCl]+ analogues. For example: [tBuN4PdIIIMeCl]+ gave
25% of ethane in 6 hrs, while [iPrN4PdIIIMeCl]+ gave 17%. On the other hand, moreMeCl was formed
from [iPrN4PdIIIMeCl]+ than the [tBuN4PdIIIMeCl]+ analogues. For example: [tBuN4PdIIIMeCl]+ gave
8% of MeCl in 6 hrs, while [iPrN4PdIIIMeCl]+ gave 21% of MeCl.
We tend to attribute this C-C/C-Cl bond selectivity difference to the steric difference between the two
ligands. Although we don’t fully understand the nature of the photolysis at this point, we believe that
some undiscerned side competing reaction(s) exist in the reaction which do not involve homolysis of
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Pd-Me (vide infra) and do not yield ethane (futile reactions), e.g., it could give some paramagnetic side
products. This is reflected in the fact that methyl group integration did not add up to be 100%.
Photolysis of [iPrN4PdIIIMe2]+
When irradiated, [iPrN4PdIIIMe2]+ decomposed completely to give ethane in around 6 hrs, aside from
the diamagnetic product. For example, [iPrN4PdIIIMe2]+ gave 281% of ethane, 31%methane, as well
as 732% of [iPrN4PdII Me(solv.)]+. Again, compared to [tBuN4PdIIIMe2]+, [iPrN4PdIIIMe2]+ analogue
gave less ethane. For example: [tBuN4PdIIIMe2]+ gave 414% of ethane in 3 hrs, while [iPrN4PdIIIMe2]+
gave 281% in 6 hrs. This reactivity difference in both reaction rate and ethane yields is again due to the
steric difference of the two ligands: the bulkier tBu substituents confer more strain at the Pd center, so the
bond dissociation is quicker for [tBuN4PdIIIMe2]+.
Mechnistic studies
Radical trapping studies.
Photolysis of iPrN4PdIII in presence of 2 eq of TEMPOwas carried out in the same way as without
TEMPO. For [iPrN4PdIIIMeCl]+, ethane formation was completely quenched by TEMPO, yielding a
nearly quantitative TEMPOmethyl radical adduct (TEMPO-Me). For example, [iPrN4PdIIIMeCl]+ gave
0% of ethane andMeCl, as well as 991% TEMPO-Me. This suggests that the formation of ethane and
MeCl is via a radical mechanism involving Pd-Me homolysis (Scheme 2.3 on page 52). As a contrast, in
the case of [iPrN4PdIIIMe2]+, ethane formation was only partially suppressed. For example,
[iPrN4PdIIIMe2]+ gave 191% of ethane (vs 281% without TEMPO), as well as 645% of the
TEMPOmethyl adduct. This suggests some non-radical mechanism(s) in operation in addition to radical
mechanism (Scheme 2.4 on page 53).
Crossover studies between [iPrN4PdIIIMe2]+ and [iPrN4PdIII(CD3)2]+
Crossover studies were conducted by mixing 1:1 equivalents of regular iPrN4PdIII and its
isotopologues, followed by photolysis with the same protocol. [iPrN4PdIIIMe2]+ + [iPrN4PdIII(CD3)2]+
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gave 121% of CH3CH3 and 121% CH3CD3. Considering the normal yield of ethane from
iPrN4PdIIIMe2 is around 30%, we can infer the yield of CD3CD3 to be around 10%. The overall 1:1:1 ratio
of CH4CH4: CH4CD4: CD3CD3 supports our proposed mechanism.
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Scheme 2.3: Proposed mechanism for photolysis of [iPrN4PdIIIMeCl]+.
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Scheme 2.4: Proposed mechanism for photolysis of [iPrN4PdIIIMe2]+.
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2.4 Conclusion
In summary, we have successfully isolated and characterized analogous organometallic PdIII and PdIV
complexes stabilized by the tetradentate ligand iPrN4. The rare isolation of both PdIII and PdIV complexes
with an identical ligand environment allowed a direct structural and organometallic reactivity
comparison. The d7 PdIII centers prefer a distorted octahedral geometry, while the d6 PdIV centers adopt a
more compact octahedral geometry. In addition, reactivity studies show that PdIII centers lead to
photo-induced radical formation and unselective C-C and C-Cl bond formation, although transient PdIV
intermediates can also be involved. By comparison, PdIV centers undergo selective C-C or C-Cl bond
formation through non-radical reductive elimination mechanisms. Overall, these studies suggest that
both PdIII and PdIV species could act as intermediates in various oxidatively-induced C-C and
C-heteroatom bond formation reactions, while PdIV centers tend to exhibit a more selective reductive
elimination reactivity. Our current research efforts aim to provide insight into the involvement of PdIII
and/or PdIV species in catalytic organic transformations employing high-valent Pd intermediates.
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Activity is the only road to knowledge.
George Bernard shaw, British dramatist
3
Photoreactivity Study of Palladium(III) Complexes
Stabilized byMultidentate N-Donor Ligand
A series of RN4PdIII complexes were irradiated by visible light and their photoreactivity were investigated
in detail. They were further subjected to irradiation by LED lights with varying dominant wavelengths to
investigate the wavelength-dependence of the photoreactivity. Mechanistic studies were carried out to
elucidate the nature of the photoreaction, including radical trapping, isotopic labeling crossover reaction.
TD-DFT calculations were conducted to explain the wavelength-dependence of these complexes..
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3.1 Introduction
Palladium is one of the most important transition metals, and Pd complexes play important role in many
organic synthesis.[1, 2] Compared to the vast majority of studies on Pd0, PdII, and PdIV, only very limited
research has been done for PdIII species.[3–10] And they largely appeared as proposed intermediates for
certain C-C or C-X transformations.[11–15] For example, dinuclear PdIII complexes are proposed to be
the active intermediates in the oxidative functionalization of C-H bonds by Ritter et al. and Sanford et
al.[14–16]Mononuclear PdIII complexes have also been proposed as transient intermediates in
oxidatively induced reductive elimination of ethane from a PdIIMe2 complex,[11] the insertion of
dioxygen into a Pd-Me bond,[17] and Kumada coupling.[18]We have reported the first stable
mononuclear Pdmethyl complexes,2h and their light induced C-C bond formation. However, no study to
date has been done to investigate the specific wavelength responsible for the photolysis. We report herein
the extensive photolysis study of a series of rare, stable mononuclear organometallic RN4PdIII complexes.
The radical trapping studies and crossover studies were also discussed in light of their mechanisms. We
also conducted the first wavelength dependent photolysis for some of the RN4PdIII complexes. We
believe by looking into the specific wavelength which triggers the Pd-C bond homolysis, we can infer the
bond dissociation energy. This represents the easy and practical way of studying bond dissociation energy.
3.2 Experimental Details
3.2.1 General specifications
All manipulations were carried out under a nitrogen atmosphere using standard Schlenk and glove box
techniques if not indicated otherwise. All reagents for which synthesis is not given were commercially
available from Sigma-Aldrich, Acros, Strem or Pressure Chemical and were used as received without
further purification. Solvents were purified prior to use by passing through a column of activated alumina
using anMBRAUN SPS. 1H (300.121MHz) NMR spectra were recorded on a VarianMercury-300
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spectrometer. Chemical shifts are reported in ppm and referenced to residual solvent resonance peaks.
Abbreviations for the multiplicity of NMR signals are s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), br (broad). UV-visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer
and are reported as λmax, nm (", M-1cm-1). EPR spectra were recorded on a JEOL JES-FA X-band (9.2
GHz) EPR spectrometer in MeCN glass at 77 K. ESI-MS experiments were performed using a Bruker
Maxis QTOFmass spectrometer with an electrospray ionization source. ESI mass-spectrometry was
provided by theWashington University Mass Spectrometry Resource, an NIH Research Resource (Grant
No. P41RR0954). Cyclic voltammograms were recorded using a BASi EC Epsilon electrochemical
workstation or a CHI 660D Electrochemical Analyzer and a glassy carbon working electrode (GCE), a
platinum-wire auxiliary electrode, and a Ag/0.01M AgNO3/MeCN reference electrode. Electrochemical
grade Bu4NClO4 (tetrabutylammonium perchlorate, TBAP) or Bu4NPF6 from Fluka were used as the
supporting electrolytes at a concentration of 0.1 M in nonaqueous solutions. Potentials are reported
relative to Fc+/Fc in TBAP/MeCN or Bu4NPF6/MeCN.The analyzed solutions were deaerated by
purging with nitrogen for 10 min.
General procedure for the photolysis reactivity monitored by NMR.
All preparations were performed in a nitrogen-filled glovebox in degassed NMR solvents. Stock
solutions of [tBuN4PdMeCl]BF4 and [iPrN4PdMeCl]ClO4 in CD3CN ([Pd]=5-7 mM) were prepared.
The aliquots of the stock solution were transferred into NMR tubes, where they were combined with
additives (such as TEMPO, etc.) if needed. 1,3,5-trimethoxybenzene standard stock solution was added
as internal standard. Some CD3CNwas then added to fill the tube to the top, so that no large headspace
was left to avoid the escape of volatiles into the headspace. TheNMR tubes were sealed with rubber septa
and parafilmed. TheNMR tubes were irradiated by halogen lamp at 0 C, or LED lights at RT. When
halogen lamp was used as light source, two 100W halogen lamps were placed 10 cm from the samples.
When LED was used, 50 cm LED strip was encircled on the inside wall of a cylindrical container (ID = 7
cm). And NMR tube was placed in the center of the container. Care was taken to prevent ambient light
reaching the NMR tubes. Irradiation continued until no further changes were observed by 1HNMR.
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Concentrations of the products are determined by NMR integration relative to the internal standard; %
yields are calculated based on the initial concentration of RN4PdIII and are averages of 2-3 experiments.
Long delay time (150 s) was used to quantify the amount of products. Organic products were identified
by 1HNMR and were compared to authentic samples.
3.2.2 Synthesis of new complexes and characterization.
iPrN4PdII(p-tolyl)Cl
Modified literature procedure for preparation of (tBu2bipy)Pd(Ph)(I) and (TMEDA)Pd(Ph)(I) was
used to prepare the intermediate iPrN4Pd(p-tolyl)I.[19, 20] iPrN4(50 mg, 0.154 mmol) and
4-iodotoluene (57 mg, 0.262 mmol, 1.7 eq) were placed into a 20 mL vial. The vial was degassed and
refilled with nitrogen gas. 10 mL of an-hydrous THF from sure/seal bottle was injected. Pd2(dba)3 (72
mg, 0.077 mmol, 0.5 eq) was dissolved in 5 mL of anhydrous THF under nitrogen gas. The iPrN4/
4-iodotoluene solution was injected into the dark purple Pd solution. The resultant solution was stirred at
RT for 24 hours under N2. The dim brown solution was filter syringe to remove black precipitate. The
filtrate was condensed to dryness. The red-brown oil was redissolved in minimum amount of DCM,
followed by 2 mL of diethyl ether, then 20 mL of pentane, when yellow precipitation formed. The yellow
precipitation was collected by suction filtration, washed by ether and pentane, then dried under vacuum
to afford the pure iPrN4Pd(p-tolyl)(I). Note: the precipitation actually consisted of 2 types: fine yellow
powder and orange sticky residue.
1HNMR in CDCl3 indicated the yellow powder was the pure iPrN4Pd(p-tolyl)(I), while the orange
residue contained unreacted Pd2(dba)3. 1HNMR (300MHz, CDCl3), δ: 7.43(d, 2H, Bzn-H, J = 7.8),
7.36 (t, 2H, py-H4, J = 7.8), 6.99 (d, 4H, py-H3/5, J = 6.6), 6.78 (d, 2H, Bzn-H, J = 7.2), 6.04 (br, 2H,
NCH2), 4.17 (br, 4H, NCH2), 3.40 (br, 2H, iPr-CH), 2.21 (s, 3H, tolyl-CH3), 1.39 (d, 12H, iPr-CH3).
Modified literature procedure for preparation of (tBu2bipy)PdPhCl was used to prepare
iPrN4Pd(p-tolyl)Cl.[19, 20] iPrN4Pd(p-tolyl)(I) (23.9 mg, 0.0368 mmol) was dissolved in 10 mL of
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MeCN under N2. AgOTf (12.3 mg, 0.0479 mmol, 1.3 eq) was dissolved in 5 mL ofMeCN under N2. The
AgOTf solution was injected into the Pd solution while stirring. After stirring for 3 hours, Bu4NClxH2O
(14.3 mg, 0.051 mmol, 1.4 eq) inMeCNwas injected to the suspension. The resulted solution was stirred
overnight at rt in dark. The solution was filtered to remove Pd0 to give clear faint yellow solution, which
was evaporated to give brown oil film. The oil film was dried under high vacuum for about 20 min, before
5 mL of dry DCMwas added. The suspension was stirred for 6 h. The suspension was filtered. The clear
filtrate was condensed to give some oil + crystals, which was further dried under high vacuum to give
crystalline solid. Yield: 63%.
1HNMR (300MHz, CDCl3), δ: 7.38 (t, J = 7.9 Hz, 2H, Py), 7.19 (d, J = 8.0 Hz, 2H, Ph), 7.01 (s, 4H,
Py), 6.75 (d, J = 8.0 Hz, 2H, Ph), 5.95 (br, 4H, NCH2), 4.20 (br, 4H, NCH2), 3.37 (br, 2H, iPr-CH) 2.21
(s, 3H, tolyl-CH3), 1.35 (d, J = 6.3 Hz, 12H, iPr-CH3).
ESI-MS of iPrN4PdII(p-tolyl)Cl, m/z 521.1902; calculated for [M-Cl]+, C27H35N4Pd, 521.1896. CV:
EpaII/III, EpcIII/II , E1/2III/IV (ΔEp), mV: 170, -420, 490 (80).
[iPrN4PdIII(p-tolyl)Cl]+
The oxidation of PdII to [iPrN4PdIII(p-tolyl)Cl]ClO4 was achieved by controlled potential electrolysis
(CPE) at a potential poised at 0.3 V vs Fc+/Fc. The post-CPE solution (green) was filtered to remove
carbon residue, then diluted with more THF if necessary, then put in ether diffusion in -20 C freezer.
Green precipitation formed was collected by suction filtration, then washed with ether, pentane, then
dried under vacuum. The precipitation was a mixture of title product and TBAP and Bu4NOTf.
ESI-MS of [iPrN4PdIII(p-tolyl)Cl]ClO4, m/z 556.1615; calculated for [M-ClO4]+, C27H35ClN4Pd,
556.1585.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 660 (271), 400 (577).
EPR: gx = 2.215 (AN = 22.0 G), gy= 2.110 (AN = 15.0 G), gz = 2.010 (AN = 25.0 G).
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tBuN4PdII(p-tolyl)Cl
The tBuN4 congener was prepared in the otherwise identical way except that the tBuN4 ligand was used in
place of iPrN4. Yiled: 61%.
1HNMR (300MHz, CDCl3) of tBuN4PdII(p-tolyl)(I), δ: 7.43 (d, J = 8.0 Hz, 2H), 7.36 (t, J= 7.7 Hz,
1H), 7.35 (t, J = 7.7 Hz, 1H), 7.00 (d, J = 7.7 Hz, 2H), 6.97 (d, J = 7.7 Hz, 2H), 6.78 (d, J = 7.5 Hz, 2H),
5.94 (d, J = 11.9 Hz, 2H), 5.90 (d, J = 13.3 Hz, 2H), 4.61 (d, J =13.5 Hz, 2H), 4.54 (d, J = 13.8 Hz, 2H),
2.20 (s, 3H), 1.43 (s, 18H).
1HNMR (300MHz, CDCl3) of tBuN4PdII(p-tolyl)(Cl), δ: 7.39 (dd, J = 14.9, 7.5 Hz, 1H), 7.17 (d, J =
7.9 Hz, 1H), 7.04 (d, J = 7.7 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.74 (d, J = 7.8 Hz, 1H), 5.83 (d, J = 13.2
Hz, 2H), 4.67 (d, J = 12.7 Hz, 1H), 4.56 (d, J = 14.3 Hz, 1H), 2.19 (s, 1H), 1.41 (s, 9H).
CV: EpaII/III, EpcIII/II , E1/2III/IV (ΔEp), mV: 340, -290, 700 (70).
[tBuN4PdIII(p-tolyl)Cl]+
Similarly, the oxidation of tBuN4PdII(p-tolyl)Cl to [tBuN4PdIII(p-tolyl)Cl]ClO4 was achieved by CPE in
THF. Yield: 32%.
ESI-MS of [tBuN4PdIII(p-tolyl)Cl]ClO4, m/z 584.1897; calculated for [M-ClO4]+, C29H39ClN4Pd,
584.1898.
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 740 (155), 450 (299).
EPR: gx = 2.215 (AN = 13.0 G), gy= 2.130 (AN = 15.0 G), gz = 2.004 (AN = 20.0 G).
Anal. Found for [tBuN4PdIII(p-tolyl)Cl]ClO4, C: 49.28, H: 5.78, N: 8.17; calculated for
([tBuN4PdIII(p-tolyl)Cl]ClO4 +H2O), C29H41Cl2N4O5Pd, C: 49.55, H: 5.88, N: 7.97.
tBuN4Pd(CD3)Cl
Freshly distilled acetyl chloride (10 μL, 0.141 mmol, 1.16 eq) was added to a solution of
tBuN4Pd(CD3)2(60.5 mg, 0.122 mmol) in 3 mL of anhydrous CH2Cl2. The reaction mixture was stirred
64
at RT for 8 hours. The resulting yellow solution was then evaporated to dryness and the solid was
triturated with 3 mL of pentane. The pale yellow solid was filtered off, washed with 2-3 mL of pentane and
dried under vacuum. Pale yellow solid, 53.1 mg (0.104 mmol), yield 85%. The sample contains 14% of
tBuN4HCl as an impurity. 1HNMR spectrum of tBuN4Pd(CD3)Cl is identical to that of
tBuN4Pd(CH3)Cl except for the missing signal of PdMe group.
1HNMR (300MHz,acetone-d6), δ: 0.59 (d, JCH = 134 Hz, 3H, PdCH3), 1.43 (s, 18H, tBu), 4.54 (d, J
= 13 Hz, 2H, CH2), 4.77 (d, J = 13 Hz, 2H, CH2), 5.64 (d, J = 13 Hz, 2H, CH2), 5.77 (d, J = 13 Hz, 2H,
CH2), 7.07 (d, J = 7.7 Hz, 2H, Pymeta), 7.20 (d, J = 7.7 Hz, 2H, Pymeta), 7.50 (d, J = 7.7 Hz, 1H, Pypara),
7.59 (d, J = 7.7 Hz, 1H, Pypara).
ESI-MS of MeCN solution of tBuN4PdII(CD3)Cl, m/z 476.1; calculated for [M-Cl]+,
C23H32D3N4106Pd, m/z 476.2.
[tBuN4PdIII (CD3)Cl]BF4
tBuN4Pd(CD3)Clwas oxidized by 1 e- by CPE.The potential for the electrolysis was 0.41 V vs. Fc+/Fc,
which is 280 mV higher than the PdII/III anodic peak potential but lower than the potential of the
PdIII/IV oxidation wave. After the charge corresponding to one-electron oxidation of the starting material
was passed, the dark green suspension was stored at -20 C overnight. Dark green precipitate was filtered
off, washed with cold CH2Cl2, ether, and pentane and dried under vacuum to give a dark green crystalline
solid, yield 64%.
HR-MS of MeCN solution of [tBuN4PdIII (CD3)Cl]BF4, m/z 511.1772; calculated for [tBuN4PdIII
(CD3)Cl]+, C23H32D3N4106PdCl, m/z 511.1768.
3.2.3 Cyclic voltammograms of RN4Pd(p-tolyl)Cl
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Figure 3.2.1: Cyclic voltammograms of iPrN4PdII(p-tolyl)Cl in 0.1 M Bu4NPF6/THF solution (glassy
carbon working electrode. v = 100 mV/s).
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Figure 3.2.2: Cyclic voltammograms of tBuN4PdII(p-tolyl)Cl in 0.1 M Bu4NPF6/THF solution
(glassy carbon working electrode. v = 100 mV/s).
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3.2.4 EPR studies of [RN4PdIII(p-tolyl)Cl]ClO4
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Figure 3.2.3: EPR spectrum of [iPrN4PdIII(p-tolyl)Cl]ClO4 in 1:3 MeCN/PrCN (glassy solvent) 77 K.
270 280 290 300 310 320 330 340
 Experimental
 Simulated
Field (mT)
Figure 3.2.4: EPR spectrum of [tBuN4PdIII(p-tolyl)Cl]ClO4 in 1:3 MeCN/PrCN (glassy solvent) 77
K.
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3.2.5 Reactivity studies of RN4PdIII complexes
Cross-over reactivity.
Crossover experiments: photolysis of [tBuN4PdIIIMe2]ClO? in CD?CN solution.
The procedure analogous to that described previously for photolysis of [tBuN4PdIIIMe2]ClO4 in
CD3CNwas employed. A 1 : 1 mixture of [tBuN4PdIIIMe2]ClO4 (10 mmol) and
[tBuN4PdIII(CD3)2]ClO4 (10 mmol) were dissolved in degassed CD3CN to give a final solution of 1.6
mM; 1,3,5-trimethoxybenzene was added as an internal standard. The solutions were irradiated with two
halogen lamps at 0 C. After 3 hours of irradiation, green color of [tBuN4PdIIIMe2]ClO4 disappeared and
colorless solutions formed. The products of reactions were analyzed by 1HNMR as described previously;
sufficiently long delay time (150 s) was used to quantify the amount of ethane. The results of two runs
and representative NMR spectra are given below.
Table 3.2.1: Yields of the products of elimination from a 1 : 1 mixture of [tBuN4PdIIIMe2]ClO4 and
[tBuN4PdIII(CD3)2]ClO4 (CD3CN solutions, irradiated with two 100W halogen lamps at 0 C for 3
hours).
Run CH3CH3 CH3CD3 PdII* CH4 CH3D tBuN4H+
1 14 14 93 1 2 1
2 14 14 95 2 2 1
* PdII = [tBuN4PdIIMe(MeCN)]+
Crossover experiments: photolysis of [tBuN4PdIIIMeCl]BF? in CD?CN solution.
The procedure analogous to that described previously for photolysis of [tBuN4PdIIIMeCl]BF4 in
CD3CNwas employed. A 1 : 1 mixture of [tBuN4PdIIIMeCl]BF4 (17 mmol) and [tBuN4PdIIICD3Cl]BF4
(17 mmol) was dissolved in degassed CD3CN; 1,3,5-trimethoxybenzene was added as an internal
standard to give a final solution of 2.8 mM.The solutions were irradiated with two halogen lamps at 0 C.
After 6 hours, dark green color of the starting material disappeared and the pale green solutions formed.
The products of reactions were analyzed by 1HNMR as described previously; sufficiently long delay time
(150 s) was used to quantify the amount of ethane. The results of two runs and representative NMR
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spectra are given below.
Table 3.2.2: Yields of the products of elimination from a 1 : 1 mixture of [tBuN4PdIIIMeCl]BF4
and [tBuN4PdIIICD3Cl]BF4 (CD3CN solutions, irradiated with two 100W halogen lamps at 0 C for
6 hours).
Run CH3CH3 CH3CD3 PdII* MeCl CH4 CH3D CD3H tBuN4H+
1 7 14 88 7 3 1 3 6
2 7 14 88 7 3 1 3 6
* PdII = [tBuN4PdIICl(MeCN)]+
Photolysis of [RN4PdIIIMeX]+ by LED lights
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Figure 3.2.5: Ethane formation from [tBuN4PdIIIMeCl]+ irradiated by LEDs.
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Figure 3.2.6: MeCl formation from [tBuN4PdIIIMeCl]+ irradiated by LEDs.
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Figure 3.2.7: Ethane formation from [iPrN4PdIIIMeCl]+ irradiated by LEDs.
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Figure 3.2.8: MeCl formation from [iPrN4PdIIIMeCl]+ irradiated by LEDs.
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Figure 3.2.9: Ethane formation from [tBuN4PdIIIMe2]+ irradiated by LEDs.
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Figure 3.2.10: Ethane formation from [iPrN4PdIIIMe2]+ irradiated by LEDs.
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3.2.6 Computational study
The time-dependant density functional theory (TD-DFT) calculations were performed using the
Gaussian 09 program package.[21]TheM06 functional[22] along with the Stevens (CEP-31G)[23, 24]
valence basis sets and effective core potentials were employed. The CEP-31G valence basis set is valence
triple-ζ for palladium and double-ζ for main group elements. The non-hydrogen main group elements
were augmented with a d-polarization function: ξd = 0.8 for carbon, nitrogen, oxygen, and fluorine. This
functional/basis set combination has been shown previously to reproduce well experimental parameters
of organometallic complexes.[25]The optimized geometries were calculated without any symmetry
constraints.
The calculated transitions were investigated individually, to pinpoint the ones starting from the frontier
orbital of interest. For example, the calculated transition at 402.7 nm corresponds to HOMO-2!
LUMO transition. TheHOMO-2 is best described as linear combination of methyl p orbital and Pd dxy
orbital, which forms σPd Me bond. On the other hand, LUMO is primarily metal in character, which is
principally a linear combination of p orbital of axial nitrogen and Pd dz2 orbital yielding the σPd N. This
helps us to assign the transition as LMCT transition.
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Table 3.2.3: TD-DFT calculations for [iPrN4PdIIIMeCl]+(with solvent).
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Table 3.2.4: TD-DFT calculations for [tBuN4PdIIIMeCl]+(with solvent).
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Table 3.2.5: TD-DFT calculations for [tBuN4PdIIIMe2]+(with solvent).
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3.2.7 X-ray structure determinations.
Crystals of appropriate dimension were mounted on aMitgen cryoloops in a random orientation.
Preliminary examination and data collection were performed using a Bruker Kappa Apex II Charge
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford
Cryostream LT device. All data were collected using graphite monochromatedMo Kα radiation (λ=
0.71073 Å) from a fine focus sealed tube X-Ray source. Preliminary unit cell constants were determined
with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and φ scan frames with
typical scan width of 0.5  and counting time of 15-30 seconds/frame at a crystal to detector distance of
3.5 cm. The collected frames were integrated using an orientation matrix determined from the narrow
frame scans. Apex II and SAINT software packages[26] were used for data collection and data integration.
Analysis of the integrated data did not show any decay. Final cell constants were determined by global
refinement of xyz centroids of reflections from the complete data set. Collected data were corrected for
systematic errors using SADABS[26] based on the Laue symmetry using equivalent reflections.
Structure solution and refinement were carried out using the SHELXTL- PLUS software package.[27]
Full matrix least-squares refinement was carried out by minimizing Σw(Fo2-Fc2)2. The non-hydrogen
atoms were refined anisotropically to convergence. All hydrogen atoms were treated using appropriate
riding model (AFIXm3).
Acknowledgement: Funding from the National Science Foundation (MRI, CHE-0420497) for the
purchase of the ApexII diffractometer is acknowledged.
3.3 Results andDiscussion
3.3.1 Synthesis of PdIII complexes and characterization
N,N’-di-R-2,11-diaza[3.3](2,6) pyridinophane (RN4, R = tBu, iPr), CODPdCl2, RN4PdIIMe2,
[RN4PdIIIMe2]ClO4, RN4PdIIMeCl and tBuN4PdPhCl were prepared according to literature procedures
77
[28] or previous contributions from our group [7, 10]. RN4Pd(p-tolyl)Cl were prepared according to a
modified literature procedure for (tBu2bipy)Pd(Ph)(I) and (TMEDA)Pd(Ph)(I),[19, 20] and were
characterized by NMR, ESI-MS and CV.They were oxidized to PdIII by controlled potential electrolysis
(CPE) and characterized by ESI-MS, EPR and X-ray. X-ray quality crystals for
[iPrN4PdIII(p-tolyl)Cl]ClO4 were obtained by diffusing ether intoMeCN solution of the PdIII complex
(Figure 3.3.1). The PdIII center assumes a distorted octahedral geometry, as expected for a Jahn-Teller
distorted d7 PdIII center, and is similar to other previously reported PdIII complexes from our group. The
axial Pd-amine nitrogen bond distances (2.38-2.42 Å) are elongated compared to the equatorial
Pd-pyridyl bond distances (2.08-2.16 Å).
It is worth noting that the p-tolyl group is not in the equatorial plane. Rather, it is 45  off the equatorial
plane. A similar geometry was observed in tBuN4PdIIPhCl (Figure 3.3.1), where the phenyl ring is almost
perpendicular to the equatorial plane (dihedral angle 70 ). Interestingly, upon oxidation to PdIII, the
phenyl ring becomes parallel with the equatorial plane, [10] which is likely due to the steric repulsion
from the tBu groups. It is likely that in the PdIII complex, the axial bulky tBu groups clash with the phenyl
group and force it into the equatorial plane.
Figure 3.3.1: ORTEP representation of the cation of [iPrN4PdIII(p-tolyl)Cl]ClO4 (left) and
tBuN4PdII(Ph)Cl (right) . Selected bond lengths (Å) and angels () are as follows. Left: Pd(1)-
C(1), 2.027(5); Pd(1)-Cl(1’), 2.411(16); Pd(1)-N(1), 2.075(4); Pd(1)-N(2), 2.161(4); Pd(1)-N(3),
2.384(4); Pd(1)-N(4), 2.416(4). Right: Pd(1)-C(23), 1.9968(9); Pd(1)-N(1), 2.0584(8); Pd(1)-N(3),
2.1770(8); Pd(1)-Cl(1), 2.3125(4).
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3.3.2 Photolysis with halogen lamp
Photolysis of [RN4PdIIIMeX]+ (R = iPr, tBu; X =Me, Cl) were reported previously, and the results were
summarized into Table 3.3.1 on the following page. Here we report the detailed photolysis for
[RN4PdIII(p-tolyl)Cl]+ (R = iPr, tBu). [RN4PdIII(p-tolyl)Cl]+ were subjected to photolysis reactions and
the results were shown in Scheme 3.1 on page 81. When irradiated, [RN4PdIII(p-tolyl)Cl]+ slowly
decomposed to give the homocoupled product 4,4’-dimethylbiphenyl (26±1%). Interestingly, no C-Cl
bond formation products were observed based on NMR and GC-MS, nor any other isomers of
4,4’-dimethylbiphenyl, which are the potential products resulting from phenyl radical isotopomerization.
At this point we are not very clear what has caused the high C-C/C-Cl bond selectivity for RN4PdIIIR’Cl
(R’ = p-tolyl, phenyl) vs. nonselectivity for RN4PdIIIMeCl. Notably, this remarkable C-C over C-Cl bond
selectivity is also observed for [tBuN4PdIIIPhCl]+, where only the homocoupled biphenyl was observed
but not chlorobenzene. These results are summarized in Table 3.3.2 on the next page.
Yamamoto and cowokers [29] and Kochi and coworkers [30, 31] proposed distinctly different
mechanisms for the biaryl formation from PdII and NiII center, respectively. Yamamoto proposed a facile
aryl ligand transfer of complex [PdI(Ar)(bpy)], where mononuclear cationic arylpalladium complexes
dimerize to form a dinuclear intermediate Pd complex with bridging aryl ligands. The cleavage of Pd-aryl
bond will lead to the formation of diarylpalladium complex, which will in turn lead to reductive
elimination of biaryl from the diarylpalladium. This mechanism is less likely to be in operation in our
photolysis, though. The dissociation of Cl- from a cationic PdIII to give a monoaryl dication PdIII is less
likely. Also the reductive elimination from a diaryl PdIII center has not been reported to our best
knowledge. Kochi and coworkers on the other hand proposed a radical mechanism where the aryl radical
added onto the NiII to form a biaryl NiIII complex. The reductive elimination from the NiIII center
afforded the biaryl product. This mechanism is unlikely to be effect in our photolysis either, since a
PdIVAr2Cl resulted from aryl radical addition to the PdIIIArCl will inevitably give a mixture of biaryl and
arylchloride via reductive elimination. In our case the arylchloride was not observed.
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TheMilstein group reported the biaryl formation for the reaction of PCP-type complex
Pd(Me)(2,6-(iPr2PCH2)2C6H3) with Ar-I, Ag+ and gavinoxyl.[32]The author proposed that the biaryl
formed via direct coupling of two aryl radicals, which formed by oxidation induced Pd-C bond cleavage.
Interestingly, no isomers of the biaryl products were reported when para or meta substituted aryl group
exist. Our photolysis of [RN4PdIII(p-tolyl)Cl]+ (R = iPr, tBu) are very similar to that of Milstein. The
photolysis involved the photo-activated homolysis of Pd-C bond to form the aryl radicals. The existence
of radicals was confirmed by the introduction of radical scavengers, where the biaryl formation was largely
suppressed, if not completely quenched. The proposed mechanism is shown in Scheme 3.5 on page 85.
Table 3.3.1: Photolysis of [RN4PdIIIMeX]+.
Compounds C-C formation product (%) C-Cl formation product (%)No additive TEMPO No additive TEMPO
[iPrN4PdIIIMeCl]+a 172 0 214 0
[iPrN4PdIIIMe2]+a 281 191 N/A N/A
[tBuN4PdIIIMeCl]+b 251 0 81 0
[tBuN4PdIIIMe2]+b 411 251 N/A N/A
aData taken from reference [7]; bData take from reference [10].
Table 3.3.2: Photolysis of [RN4PdIII(p-tolyl)Cl]+ with halogen lamp.
Compounds C-C formation product (%) C-Cl formation product (%)No additive TEMPO No additive TEMPO
[iPrN4PdIII(p-tolyl)Cl]+ 6 3.4 0 0
[tBuN4PdIII(p-tolyl)Cl]+ 261 2.5 0 0
[tBuN4PdIIIPhCl]+a 211
aData taken from reference [10].
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hν, 18 h
CD3CN
[tBuN4PdIII(p-tolyl)Cl]+ + [
tBuN4PdIICl(MeCN)]+ + [tBuN4 H]+
            26±1%                 9±1%                 44±2%                50±1%
hν, Ο2,18 h
CD3CN
[tBuN4PdIII(p-tolyl)Cl]+ + [
tBuN4PdIICl(MeCN)]1+ + [tBuN4 H]+
    21%                     37%                    36%
hν, CCl4,15 h
CD3CN
[tBuN4PdIII(p-tolyl)Cl]+
    10%                  10%              29%
hν, 18 h
CD3CN
[iPrN4PdIII(p-tolyl)Cl]+ + [
iPrN4PdII(MeCN)2]2+
               6%                   2%                    55%
+ [tBuN4PdIICl(MeCN)]1+ + [tBuN4 H]+
26%                         48%
OH
+
+ Cl+
+
Scheme 3.1: Photolysis of [RN4PdIII(p-tolyl)Cl]+.
3.3.3 Mechanistic study.
Radical trapping studies.
Photolysis of [RN4PdIIIMeX]+ in presence of 2 eq of TEMPOwas carried out in the same way as without
TEMPO.The radical trapping studies for [iPrN4PdIIIMeCl]+ has been reported in another paper,[7]
where ethane formation was completely quenched by TEMPO, yielding a nearly quantitative TEMPO
methyl radical adduct (TEMPO-Me). Here we report the detailed radical trapping study for
[tBuN4PdIII(p-tolyl)Cl]+. The photolysis was repeated in presence of some radical scavengers, such as O2,
CCl4 and TEMPO (Scheme 3.1 on page 81 and Table 3.3.2 on the preceding page). When the radical
scavenger was added, the C-C bond formation product was completely suppressed and the new products
clearly points to the intermediacy of tolyl radical. For example, when O2 was added to the photolysis of
[tBuN4PdIII(p-tolyl)Cl]+, p-cresol was obtained in 21% of yield. In yet another example, when CCl4 was
added, 4-Chlorotoluene was obtained in 29% of yield.
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Crossover studies.
Crossover studies were conducted by mixing 1:1 equivalents of regular RN4PdIII and its isotopologues,
followed by photolysis with the same protocol. The results for [iPrN4PdIIIMe2]+ + [iPrN4PdIII(CD3)2]+
was reported before,[7] where 1:1:1 ratio of CH3CH3:CH3CD3:CD3CD3 was observed. Similar
crossover experiments were conducted for [tBuN4PdIIIMe2]+ + [tBuN4PdIII(CD3)2]+ (Scheme 3.2 on
page 82). The 1:1 mixture gave 14±1% of CH3CH3 and 14±1% CH3CD3. Considering the normal yield
of ethane from [tBuN4PdIIIMe2]+ is around 42%, we can infer the yield of CD3CD3 to be around 14%.
The overall 1:1:1 ratio of CH3CH3:CH3CD3:CD3CD3 again agrees with the mechanism we proposed
previously (Scheme 2.4 on page 53).[7]We also conducted the crossover studies between
[tBuN4PdIIIMeCl]+ and [tBuN4PdIII(CD3)Cl]+ (Scheme 3.2 on page 82). 1:1 of [tBuN4PdIIIMeCl]+ +
[tBuN4PdIII(CD3)Cl]+ gave 7±1% of CH3CH3, 14±1% CH3CD3.and 7±1% of CH3Cl. Considering the
normal yields of ethane andMeCl from [tBuN4PdIIIMeCl]+ are around 25±1% and 8±1%, respectively,
we can infer the yields of CD3CD3 and CD3Cl to be around 4±3% and 1±2%. The overall 1:2:1 ratio of
CH3CH3:CH3CD3:CD3CD3 is consistent with our previously proposed mechanism shown in
Scheme 3.4 on page 84.[11]
[tBuN4PdIII(CH3)Cl]+  +  [tBuN4PdII(CD3)Cl]+ CH3-CH3  +  CH3-CD3 + CD3-CD3
7±1%         14±1%         4±3%
    1                    :              1   1         :        2         :        1
hν, 6 h, 0 oC
CD3CN
[tBuN4PdIII(CH3)2]+  +  [tBuN4PdII(CD3)2]+ CH3-CH3  +  CH3-CD3 + CD3-CD3
14±1%         14±1%         14±1%
    1                    :              1   1         :        1         :        1
hν, 3 h, 0 oC
CD3CN
Scheme 3.2: Crossover experiments of [tBuN4PdIIIMe2]+ as well as [tBuN4PdIIIMeCl]+ in CD3CN.
Note: Other products were not shown for clarity, which include small amount of CH4, CH3D, etc.
Overall, the radical trapping studies as well as crossover studies provide strong evidences for radical
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mechanism for the photolysis of RN4PdIII series. First, the photolysis of RN4PdMe2(R = tBu, iPr) use the
radical mechanism described in Scheme 3.3 on page 83. A competitive non-radical mechanism is also
involved, since the addition of TEMPO did not completely suppress the ethane formation reaction.
Second, the photolysis of RN4PdMeCl (R = tBu, iPr) use solely the radical mechanism described in
Scheme 3.4 on page 84. When 2 equivalents of TEMPOwas added in the beginning of the photolysis,
ethane formation was completely suppressed, with all the methyl radical being trapped by TEMPO to
give TEMPO-Me adduct. Third, the photolysis of RN4PdR’Cl (R = tBu, iPr; R’ = Ph, p-tolyl) use different
mechanism than their alkyl counterparts, as shown in Scheme 3.5 on page 85. The photo-activated Pd-C
homolysis afforded aryl radicals, which then couple with each other to form the biaryl product. When
radical scavengers were added, the radical were trapped in other terminal products.
N
N
N Pd
III
N
Me
Me
+R
R
hν
 Me
N
N
N Pd
IV
N
Me
Me
R
Me
R
N
N
N Pd
III
N
Me
Me
R
R
[RN4PdIIMe(solv)]+
hν
path A
path B
[RN4PdIIMe(solv)]+
Me-Me
[RN4PdIIIMe2]+
[RN4PdIIIMe2]+
+
+
R = tBu, iPr
Scheme 3.3: Proposed mechanism for photolysis of [RN4PdIIIMe2]+ (R = tBu, iPr).
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Scheme 3.4: Proposed mechanism for photolysis of [RN4PdIIIMeCl]+ (R = tBu, iPr).
3.3.4 Variable wavelength photolysis study.
To investigate which part of the Uv-vis irradiation is responsible for triggering the photolysis reaction,
some rationally chosen LED light strips each of certain dominant wavelengths were used to irradiate these
RN4PdIII samples in CD3CN in NMR tubes. For example, red LED has a CCT (correlated color
temperature) of 626 nm; yellow: 590 nm; green: 525 nm; blue: 470 nm; Uv: 405 nm.
Our preliminary results indicated that for [tBuN4PdIIIMeCl]+, Uv and blue light facilitate the
photolysis the most, followed by green light (see Figure 3.3.2 on page 86 and Table 3.3.3 on the following
page). Yellow light and red light essentially do not facilitate the reaction. White LEDwas used as a control
experiment, whose effect falls between blue light and Uv light. For example, after two hours of irradiation,
blue light gave 19% of ethane, white light:  15%; Uv light:  12%, green:  7%, yellow and red 0%.
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NN
N Pd
III
N
R'
Cl
+R
R
hν
[RN4PdIICl(solv)]+   +       R' R'-R'
Pd-C homolysis
 radical coupling
R = tBu, iPr;
R' = Ph, p-tolyl
Scheme 3.5: Proposed mechanism for photolysis of [RN4PdIIIR’Cl]+ (R = tBu, iPr; R’ = Ph, p-
tolyl).
The reaction essentially completed within 6 hrs for blue, white and Uv, yielding 24% ethane and 7% of
MeCl, which are comparable to that obtained with halogen lamps.
Similar protocol was followed to study the photolysis of [iPrN4PdIIIMeCl]+, [tBuN4PdIIIMe2]+,
[iPrN4PdIIIMe2]+ and [tBuN4PdIIIMe2]+. For [iPrN4PdIIIMeCl]+, the maximum yield of ethane
formation was achieved under irradiation with blue light. Compared to [tBuN4PdIIIMeCl]+,
[iPrN4PdIIIMeCl]+ seems to have narrower effective irradiation band, since LED lights other than blue
give much lower ethane production. For [tBuN4PdIIIMe2]+, the maximum yield of ethane formation was
achieved under irradiation with Uv light, though only slightly more effective than blue light. Ethane yields
dropped drastically when the irradiation lights have longer wavelengths, as a sigh of the quantum nature
of the electronic absorption. For [iPrN4PdIIIMe2]+, the maximum yield of ethane was observed under
irradiation with Uv light. As the wavelength increases, ethane yields drops accordingly.
Table 3.3.3: Photolysis of [RN4PdIII(p-tolyl)Cl]+ with LED light.
Compounds Ethane yields with LED light (%)aUv Blue Green Yellow Red White
[iPrN4PdIIIMeCl]+ 11.1 15 5.2 4.5 2.9 11.2
[iPrN4PdIIIMe2]+ 29.6 20.5 7.9 6.1 5.3 16.5
[tBuN4PdIIIMeCl]+ 23.9 24.1 19.9 1 0 24.2
[tBuN4PdIIIMe2]+ 36.2 34 7.9 4.2 5.3 25.7
a Yields are of 6 hrs; Note: CCT of various LEDs: Uv, 405 nm; Blue, 470 nm; Green, 525 nm; Yellow, 590
nm, Red, 626 nm.
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Figure 3.3.2: Wavelenth-dependence of photoreactivities of various RN4PdIII complexes (Ethane
yields are of 6 hrs)..
3.3.5 TD-DFT calculations.
To further understand the nature of the photoreactivity of various RN4PdIII complexes, TD-DFT were
calculated with Cep-31G basis set. Overall, the calculated absorption spectra are in good accord with the
experimental data. For example, the TD-DFT of [iPrN4PdIIIMe2]+ revealed four absorption bands at λmax
= 354 nm, 402 nm (sh), 507 nm and 645 nm. The corresponding absorption were observed
experimentally at λmax = 338 nm, 506 nm and 660 nm (see Figure 3.3.3 on the next page). Since the
highest photoreactivity of [iPrN4PdIIIMe2]+ was observed with Uv LED, so it is worth looking into the
frontier orbital diagram of this compound, especially the constituent molecular orbitals (Table 3.3.4 on
page 88). It turned out that the absorption at 402.7 nm corresponds to HOMO-2! LUMO transition.
TheHOMO-2 is best described as linear combination of methyl p orbital and Pd dxy orbital, which forms
σPd Me bond. On the other hand, LUMO is primarily metal in character, which is principally a linear
combination of p orbital of axial nitrogen and Pd dz2 orbital yielding the σPd N. This clearly indicated the
transition was a LMCT transition. Additionally, since the photolysis starts by photo-induced homolysis
of Pd-Me bond, we can legitimately infer that the Pd-Me bond dissociation energy is 71 kcalmol-1,
based on the fact that the absorption at 403 nm is the origin of the photo induced homolysis of Pd-Me
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bond. This is in accord with the literature reported value of 59 ± 5 kcalmol-1 for the bond dissociation
energy of covalent Pd-Me bond.[33]
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Figure 3.3.3: Superimposition of the calculated electronic absorption spectrum and experimental
data for [iPrN4PdIIIMe2]+. *The other three can be found in Experimental Details.
On the other hand, the stronger absorption at 645 nm is mainly of the transition between HOMO and
LUMO.TheHOMO is comprised mainly of σPd N (p orbital of axial nitrogen + dyz of Pd) in nature. The
transition from σPd N to σPd N is irrelevant to the homolysis of the Pd-Me bond, so it is not the origin of
the photo induced ethane formation reaction. It is an interesting feature of these complexes that it is not
the lowest energy band that’s responsible for photochemistry, since it corresponds to some other
transition (σPd N to σPd N), but higher energy, weaker band.
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Table 3.3.4: TD-DFT calculations for [iPrN4PdIIIMeCl]+ (with solvent).
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3.4 Conclusion
In summary, we report herein the detailed investigation of photoreactivity of a series of novel stable
mononuclear PdIII complexes, stabilized by tetradentate ligands RN4(RN4= tBuN4, iPrN4). The
mechanistic study indicated that RN4PdIIIR’X (R’ =Me, Ph, p-tolyl) use radical mechanism, initiated by
the photo induced Pd-C homolysis. On the other hand, the photolysis of RN4PdIIIMe2 are more
complicated. Non-radical mechanism is also involved as evidenced by the fact that ethane formation is
only partially suppressed in presence of the radical scavenger.
Computational study (esp. TD-DFT) helps to gain more insight into the wavelength-dependency of
the photoreactivity of these PdIII complexes. To our surprise, the stronger low energy bands are not
responsible for the photochemsitry, since they correspond to transitions pertaining to ligand dissociation
(σPd N to σPd N). It is the weak high energy bands that cause the Pd-C homolysis, as the transition
correspond to σPd Me to Pd dz2.
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Emerson, American thinker.
4
Formation of the Pd(IV)Complex
[(Me3tacn)PdIVMe3]+ through AerobicOxidation of
(Me3tacn)PdIIMe2*
* Reproduced in part with permission fromOrganometallics 2012, 31, 4627−4630. © 2012 American
Chemical Society. [1].
The dimethyl PdII complex (Me3tacn)PdIIMe2(Me3tacn= N,N’,N’’-trimethyl-1,4,7-triazacyclononane)
undergoes facile aerobic oxidation to yield the stable [(Me3tacn)PdIVMe3]+ species. EPR and UV-vis
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studies suggest an inner-sphere mechanism for the oxidation of (Me3tacn)PdIIMe2with O2. In addition,
the structurally characterized complex [(Me3tacn)PdIVMe3]I undergoes selective elimination of ethane
at elevated temperatures. Overall, this system represents one of the first examples of aerobic oxidation of a
PdII organometallic precursor to yield a well defined PdIV product. These observations indicate that PdIV
species may play a role as viable intermediates in the aerobic Pd-mediated catalytic or stoichiometric
oxidative transformations.
4.1 Introduction
Aerobic transformations catalyzed by palladium complexes are among the most important synthetic tools
in organic synthesis and provide a practical means of dioxygen utilization as an environmentally benign
and inexpensive oxidant.[2–10]While the majority of Pd-catalyzed aerobic transformations have been
proposed to involve the formation of Pd(0) complexes and their subsequent reoxidation by
dioxygen,[2–10]the intermediacy of high valent PdIV (or PdIII) species has recently been proposed in
some catalytic and stoichiometric aerobic transformations.[11–17] In this context, there are only two
reports on the aerobic oxidation of PdII complexes to generate spectroscopically detected PdIII
species.[16, 17] However,The formation of PdIV complexes by aerobic oxidation of their PdII precursors
has not been documented and their relevance to aerobic oxidation catalysis is often based on an indirect
evidence.[11–14] Crucially, the direct aerobic oxidation of PdII organometallic complexes to PdIV may
not only provide different reactivity patterns than the commonly employed PdII/0-mediated
transformations, but also avoid common problems associated with Pd black formation.[8]
We have previously shown that a PdIIMe2 complex supported by the tetradentante ligand
tBuN4(tBuN4=N,N’-di-tert-butyl-2,11-diaza[3.3](2,6)pyridinophane) undergoes facile inner-sphere
oxidation by O2 or peroxides to yield the PdIII complex [tBuN4PdIIIMe2]+, which then undergoes
elimination of ethane under ambient conditions.[17] Herein we report the direct aerobic oxidation of
(Me3tacn)PdIIMe2 complex (Me3tacn= N,N’,N’’-trimethyl-1,4,7-triazacyclononane) with O2 to yield the
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stable complex [(Me3tacn)PdIVMe3]+ (Scheme 4.1 on page 112), one of the first examples of formation
of a well defined PdIV species upon aerobic oxidation of a PdII precursor. Moreover, the latter species
undergoes reductive elimination of ethane at elevated temperatures.
4.2 Experimental Details
4.2.1 General specifications.
All manipulations were carried out under a nitrogen atmosphere using standard Schlenk and glove box
techniques if not indicated otherwise. All reagents for which synthesis is not given were commercially
available from Aldrich, Acros, STREM or Pressure Chemical and were used as received without further
purification. Solvents were purified prior to use by passing through a column of activated alumina using
anMBRAUN SPS. N,N’,N’’-trimethyl-1,4,7-triazacyclononane was prepared according to the literature
procedures [18–20] or was partially donated by Prof T. Daniel P. Stack, Stanford University. Complexes
(COD)PdCl2,[21] PdCl2(SMe2)2,[22] and (COD)PdMeCl[23] were prepared according to the
literature procedures. 1H (300.121MHz or 500MHz) and 13CNMR spectra were recorded on a Varian
Mercury-300 or Varian Unity Inova-600 spectrometer. Chemical shifts are reported in ppm and
referenced to residual solvent resonance peaks.[24] Abbreviations for the multiplicity of NMR signals are
s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). UV-visible spectra were
recorded on a Varian Cary 50 Bio spectrophotometer and are reported as λmax, nm (", M-1cm-1). EPR
spectra were recorded on a JEOL JES-FA X-band (9.2 GHz) EPR spectrometer at 77 K. ESI-MS
experiments were performed using a Bruker Maxis QTOFmass spectrometer with an electrospray
ionization source. ESI mass-spectrometry was provided by theWashington University Mass
Spectrometry Resource, an NIH Research Resource (Grant No. P41RR0954). Elemental analyses were
carried out by the Columbia Analytical Services Tucson Laboratory.
Electrochemical measurements
Electrochemical grade Bu4NPF6 from Fluka was used as the supporting electrolytes. Cyclic
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voltammetry was performed with a CHI Electrochemical Analyzer 660D.The electrochemical
measurements were performed under a blanket of nitrogen. Analyzed solutions were deaerated by purging
with nitrogen. Glassy carbon disk electrode (d = 1.6 mm) was used as the working electrodes for cyclic
voltammetry. The auxiliary electrode is Pt wire for cyclic voltammetry measurements. The non-aqueous
Ag-wire reference electrode was used, which was calibrated against ferrocene as an internal reference.
4.2.2 Synthesis of (Me3tacn)Pd complexes
Preparation of (Me3tacn)PdMe2
Method A.
The solution of 2.4 MMeMgI was prepared immediately before the reaction by slow addition of MeI
(750 μL, 12.0 mmol) to a vigorously stirred mixture of Mg turnings (311 mg, 12.8 mmol) in 5 mL of ether
so that the gentle reflux was maintained. After the complete addition, the reaction mixture was stirred for
an additional 0.5-1 hour at RT.
Preparation of (COD)PdMe?.
The complex was prepared according to a slightly modified literature procedure.[25] A suspension of
(COD)PdCl2 (250 mg, 0.876 mmol) in 16 mL of ether and 16 mL of THF in a 100 mL Schlenk flask was
cooled down to -50 C and stirred at this temperature for 15-30 min under N2. The solution of MeMgI in
ether (2.4 M, 1.65 mL, 4.5 equiv) was added dropwise to a stirred suspension of the complex at -50 C
and the reaction mixture was allowed to slowly warm up to -25 C during 1.5-2 hours after the complete
addition of MeMgI.The yellow color of the starting material disappears and a white suspension forms, to
which 80 μL of MeOH (2 mmol) was added at -25 C.The pale yellow reaction mixture was stirred at -25
C for 3-5 min and then the solvents were removed under vacuum at 0 C. For the following procedure
for isolation and handling of (COD)PdMe2, the glassware was pre-cooled to 0 C before use and all
operations were performed at 0 C.The product, (COD)PdMe2, was extracted by vigorous stirring of the
resulting white solid residue with 150 mL of pentane at 0 C for 15-20 min. The suspension was filtered at
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0 C and the extraction was repeated with an additional 50 mL of pentane. The pentane extracts were
combined and evaporated at 0 C to give (COD)PdMe2 as a white solid, 134.1 mg (0.548 mmol), yield
62%. The product was used immediately after preparation.
Preparation of (Me?tacn)PdMe?.?
A solid sample of (COD)PdMe2 (84.3 mg, 0.34 mmol) was placed into an ice-cooled 50 mL
round-bottom flask equipped with a magnetic stirring bar. The flask was placed into ice bath, evacuated
and refilled with N2 three times, after which 15 mL of degassed ether was added. The solution of
Me3tacn(77 mg, 0.45 mmol) in 1 mL of ether was then added at 0 C and the reaction mixture was stirred
under N2 at 0 C for 1 h and then at room temperature for 30 min. The resulting solution was evaporated
to dryness under high vacuum to give white solid and a small amount of Pd black. The product was
transferred to the glove box, redissolved in 5 mL of ether, filtered and evaporated to dryness. The white
solid was triturated with pentane (3 mL), filtered and washed with a small amount of pentane. White
crystalline solid was obtained, 85.5 mg (0.28 mmol), yield 82%. The solid sample can be stored under
nitrogen at -30 C for several weeks without decomposition.
Method B.
The complex 1 could also be prepared according to a modified procedure of Puddephatt for
preparation of (tBu2bipy)PdMe2.[26] A suspension of PdCl2(SMe2)2 (98.7 mg, 0.333 mmol) in 43 mL
of ether was cooled down to -75 C in dry ice-acetone bath (the suspension was kept in a -75 C bath for
at least 30 minutes before addingMeLi). Methyllithium solution (1.6M in ether, 0.8 mL, 1.28 mmol, 3.8
equiv.) was added dropwise to a stirred suspension. The reaction mixture was allowed to slowly warm up
to -40 C over the course of several hours to give colorless solution. Then the reaction mixture was cooled
down to -75 C and a solution of Me3tacn(68.0 mg, 0.40 mmol) in 5 mL of ether was added dropwise.
The resulting white suspension was allowed to slowly warm up to 0 C for several hours and then 0.5 mL
of ice-cold H2Owas added dropwise at 0 C.The reaction mixture was stirred at 0 C for 10-15 minutes,
then cooled down to -30 C to freeze the aqueous layer and the white suspension in ether was
cannula-transferred to a N2-filled flask cooled to 0 C.The solvent was removed by evaporation under
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high vacuum at 0 C and the resulting solid residue was transferred to the glove box, extracted with 5 mL
of toluene, filtered and evaporated to dryness to give a white solid, 57.0 mg (0.23 mmol), yield 70%. X-ray
quality crystals of 1were obtained from concentrated ether solution at -30 C.
1HNMR (600MHz,toluene-d8, 298 K), δ: 0.37 (s, 6H, PdMe), 2.18 (s, 9H, NMe), 2.27 (br m, 6H,
CH2), 2.54-3.42 (br m, CH2).
13CNMR (151MHz,toluene-d8, 253 K), δ: -7.3 (PdMe), 50.8 (br, CH2), 61.1 (NMe).
Anal. Found: C, 42.81; H, 8.53; N, 13.22. Calcd for C11H27N3Pd: C, 42.93; H, 8.84; N, 13.65.
Preparation of [(Me3tacn)PdMe3]I.[2]I
Complex 1 (32.0 mg, 0.104 mmol) was dissolved in 3 mL of MeCN under N2; MeI (7.2 µL, 0.116 mmol)
was added. The reaction mixture was stirred under N2 for 5 hours at 25 C.The resulting colorless
solution was filtered through Celite, solvent was evaporated to dryness. The solid white residue was
triturated with 1-2 mL of ether, filtered, washed with ether, pentane and dried under vacuum. White
crystalline solid, 44.0 mg (0.098 mmol), 94%. Acetone can also be used as a solvent using the same
procedure to give a product in 90% yield. X-ray quality crystals of [2]I were obtained by ether layering of
acetone solution at -20 C.
1HNMR (300MHz, CD3CN, 298 K), δ: 0.96 (s, 9H, PdMe), 2.54 (s, 9H, NMe), 2.72-2.86 (m, 6H,
CH2), 2.86-3.00 (m, 6H, CH2).
13CNMR (151MHz, CD3CN, 298 K), δ: 18.9 (PdMe), 48.1 (CH2), 58.0 (NMe).
Anal. Found: C, 32.31; H, 6.45; N, 9.26. Calcd for C12H30IN3Pd: C, 32.05; H, 6.72; N, 9.34.
ESI-MS of MeCN solution of [2]I, m/z 322.1454 (calcd for [(Me3tacn)PdIVMe3]+, C12H30N3106Pd,
m/z 322.1474).
Preparation of (Me3tacn)Pd(CH2CMe2C6H4)
(COD)Pd(CH2CMe2C6H4) was prepared according to a one-pot procedure reported by Campora.[27]
Solution onMe3tacn(46.6 mg, 0.272 mmol) in 5 mL of ether was added to a solution of
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(COD)Pd(CH2CMe2C6H5) (78.6 mg, 0.226 mmol) in 10 mL of ether in the glove box. The reaction
mixture was stirred at RT for 14 hours. The resulting colorless solution was evaporated to dryness,
triturated with 3 mL of pentane. White precipitate was filtered off, washed with 1 mL of pentane, dried
under vacuum. White solid, 65.2 mg (0.159 mmol), yield 70%.
1HNMR (600MHz, CD3CN, 298 K), δ: 1.26 (s, 6H, CMe2), 1.80 (br s, 2H, PdCH2), 2.60 (s, 9H,
NMe), 2.73-3.00 (br m, 6H, CH2), 3.05-3.95 (br m, 6H, CH2), 6.64 (d, J = 7.4 Hz, 1H, Ph), 6.69 (t, J =
7.4 Hz, 1H, Ph), 6.76 (t, J = 7.4 Hz, 1H, Ph), 7.13 (d, J = 7.4 Hz, 1H, Ph).
13CNMR (151MHz, CD3CN, 298 K), δ: 34.0 (br), 43.4, 48.0, 49.6 (br), 58.1, 62.4, 122.1, 122.8,
134.1, 135.9, 161.2, 169.0.
Anal. Found: C, 55.89; H, 8.35; N, 10.19. Calcd for C19H33N3Pd: C, 55.67; H, 8.11; N, 10.25.
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Cyclic voltammograms of (Me3tacn)Pd complexes
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Figure 4.2.1: Cyclic voltammogram of 1, in Bu4NPF6/MeCN solution (glassy carbon working elec-
trode; v = 100 mV/s.
X-ray structure determinations of 1 and [2]I
Crystals of appropriate dimension were mounted on aMitgen cryoloops in a random orientation.
Preliminary examination and data collection were performed using a Bruker Kappa Apex II Charge
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford
Cryostream LT device. All data were collected using graphite monochromatedMo Kα radiation (λ=
0.71073 Å) from a fine focus sealed tube X-Ray source. Preliminary unit cell constants were determined
with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and φ scan frames with
typical scan width of 0.5  and counting time of 15-30 seconds/frame at a crystal to detector distance of
3.5 cm. The collected frames were integrated using an orientation matrix determined from the narrow
frame scans. Apex II and SAINT software packages[28] were used for data collection and data integration.
Analysis of the integrated data did not show any decay. Final cell constants were determined by global
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refinement of xyz centroids of reflections from the complete data set. Collected data were corrected for
systematic errors using SADABS[28] based on the Laue symmetry using equivalent reflections.
Structure solution and refinement were carried out using the SHELXTL- PLUS software package.[29]
Full matrix least-squares refinement was carried out by minimizing Σw(Fo2-Fc2)2. The non-hydrogen
atoms were refined anisotropically to convergence. All hydrogen atoms were treated using appropriate
riding model (AFIXm3).
Acknowledgement: Funding from the National Science Foundation (MRI, CHE-0420497) for the
purchase of the ApexII diffractometer is acknowledged.
4.2.3 Reactivity of (Me3tacn)Pd complexes
NMR study of aerobic oxidation of 1
General procedure.The solution of 1 (22-30 mM) was prepared in degassed acetone-d6 or CD3CN
under N2 atmosphere; 1,3,5-trimethoxybenzene was added as an internal standard. The solution was
placed in a septum-sealed NMR tube and flushed with O2 for 1 minute. The initially colorless solution
turns bright yellow immediately after introducing O2. The reaction mixtures were periodically analyzed
by NMR.The yield of the PdIV product was calculated based on the integration of the singlet of PdIVMe
group relative to 1,3,5-trimethoxybenzene standard and calculated as (2+/1)x100%. The identity of the
PdIV product was established by comparison of the NMR spectra with those of the independently
prepared [2]I and by high resolution ESI-MS of the solution of 1 exposed to O2 under analogous
conditions.
The yield of 2+ after 10-15 minutes after reaction with O2 was 44% and 34% in acetone-d6 and CD3CN
solutions, respectively, and remained unchanged after 12 hours. The conversion of the starting material, 1,
was complete already after 10-15 minutes. A mixture of unidentified diamagnetic products formed along
with 2+ after 10 minutes that are characterized by singlets at 0.04, 0.82, and 2.56 ppm in acetone-d6.
The analogous reaction performed in CD3OD generates 2+ in 44% yield after 30 min along with a
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number of unidentified diamagnetic products.
HR ESI-MS of 1 solution inMeCN exposed to O2 for 20-30 min, m/z 322.1472 (calcd for 2+,
C12H30N3106Pd, m/z 322.1474).
The analogous reaction was carried out in the presence of KI (2.6 equiv inacetone-d6) or LiCl (14
equiv in CD3CN-D2O 6:1 v:v). The complex 2+ was obtained in the presence of KI in acetone-d6 in 45%
and 48% yield after 15 min and 12 hours, respectively, along with a mixture of unidentified diamagnetic
products and brown precipitate. The reaction in CD3CN-D2Omixture in the presence of 14 equiv LiCl
gave 2+ in 59% yield; brown insoluble product also formed.
UV-vis studies of aerobic oxidation of 1
Aerobic oxidation at 20 C.
A quartz cuvette (pathlength 4 mm) equipped with a magnetic stirring bar and a septum was charged
with 900 μL of MeCN, a solvent was pre-saturated with O2 by bubbling O2 for 10 minutes. The
concentrated stock solution of 1 in MeCN, 11.9 mM, was prepared immediately before the experiment;
100 μL of the stock solution was added to the cuvette with a microsyringe andmixed with anO2-saturated
MeCN; [1]0 = 1.2 mM.The reaction was monitored by UV-vis using Cary Scanning Kinetics program.
After addition of the complex solution to oxygen-saturatedMeCN, solution immediately turns bright
orange-yellow. According to UV-vis, a new peak appears at 420 nm, which reaches the maximum
absorption after 2.4 min and then slowly decays
during several hours at RT.The extinction coefficient of the absorption band at 420 nm is ≥1900M-1cm-1.
Aerobic oxidation at -70 C
The reaction flask equipped with a Hellma immersion probe (1 mm pathlength), magnetic stirring bar
and a septum was charged with 4.5 mL of butyronitrile. Oxygen was bubbled through the solvent for 10
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Figure 4.2.2: Decay of the intermediate during oxidation of 1 (Δt = 6 min; t = 0.6-127 min)
minutes before the reaction; the O2-saturated solution was cooled down to -70 C.The complex 1 (3.6
mg, 12 μmol) was dissolved in 0.5 mL of degassed butyronitrile under N2 atmosphere and the solution
was added to the O2-saturated solvent with a syringe; [1]0 = 2.3 mM.The reaction mixture was stirred
under O2 at -70 C and was monitored by UV-vis using Cary Scanning Kinetics program.
After addition of the complex solution to oxygen-saturatedMeCN, solution immediately turns bright
orange. According to UV-vis, a new peak appears at 407 nm, which reaches the maximum absorption after
less than 1 min and then slowly decays at -70 Cwith a half life of 20 min. The extinction coefficient of the
absorption band at 407 nm is ≥11,000M-1cm-1.
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EPR studies of aerobic oxidation of 1
Oxidation of 1 withO2 in the presence and in the absence of DMPO at RT.
A stock solution of 1 (3.6 mg, 0.012 mmol) in 1.5 mL of degassed butyronitrile and 0.5 mL of
acetonitrile was prepared under N2 atmosphere; [1]0 = 5.8 mM. One aliquot of the solution was placed
into the EPR tube, bubbled with O2 at RT and frozen in liquid N2 after 3 min. Another aliquot of the
solution was combined with 11 equiv of DMPO under N2, then reacted with O2 in a similar way and
frozen in liquid N2 after 3 min. EPR spectra were recorded at 77 K and at 293 K. Control experiment
showed that no signal was observed under analogous conditions in DMPO solution in the absence of 1 or
in the absence of O2.
314 316 318 320
Field (mT)(a)
g = 2.00
Figure 4.2.3: EPR spectrum of 1 and DMPO in MeCN after reaction with O2 for 3 min (293 K).
The complex hyperfine splitting pattern corresponds to DMPO adducts(s) with g 2.004 and re-
sembles the spectra observed for the formation of DMPO-superoxide and/or DMPO-hydroperoxide
adducts in solution.10 In addition, formation of a PdIII-superoxide species that is trapped by DMPO is
also possible, as observed previously.
For comparison, the simulated EPR spectrum of a tentative DMPO-superoxide (or hydroperoxide)
adduct is shown below (Figure 4.2.4 on the next page, a). Themore complex signal pattern observed
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experimentally might arise from a partial decomposition of a DMPO-superoxide adduct to formDMPO
adduct(s) with an HO radical or solvent-derived alkylperoxo-radicals (Figure 4.2.4, b).
Figure 4.2.4: a) Simulated EPR spectrum of a tentative DMPO-superoxide (or hydroperoxide)
adduct (simulated spectrum parameters: AN = 14.0, AH￿ = 10.3, AH￿ = 1.8 G, linewidth 1.2 G);
b)simulated EPR spectrum of a 1:3 mixture of a DMPO-superoxide adduct (spectrum a) and a
DMPO-OH adduct (AN = AH￿ = 14.9 G, linewidth 1.2 G).[30, 31]
ESI-MS studies of aerobic oxidation of 1
Solution of 1 (1-2 mg) in 0.5 mL of MeCNwas prepared under N2, then allowed to react with O2 at RT.
The samples of the reaction solution were periodically analyzed by ESI-MS after 1000-fold dilution with
MeCN.The samples were analyzed after reaction with O2 for several seconds, 20 minutes, and 19 hours.
Formation of 2+, m/z 322.1484 (calcd C12H30N3106Pd+ 322.1474) was observed even at early stages of
the reaction, after several seconds, and the peak corresponding to this product persisted at long reaction
times (>1 day). The samples obtained after a period of time of several seconds to 20 minutes also reveal
the presence of a peak characterized by m/z 340.1212, which was assigned as
[(Me3tacn)PdIVMe2(OOH)]+ (calcd C11H28N3O2106Pd+ 340.1216). The peak at m/z 340.1212 was
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present only at short reaction times and disappears after 1 day. In addition, the ESI-MS of the reaction
mixture after 19 hours reveals a peak at m/z 292.1028, assigned as (Me3tacn)PdIIMe+, which might
correspond to the monomethyl Pd(II) products of the reaction (calcd C10H24N3106Pd+ 292.1004), along
with the intense peak corresponding to 2+.
Figure 4.2.5: ESI-MS spectra for 1 in CH3CN, 1 min (top) and 1 h (bottom) after addition of O2.
Note: For overlapping peaks, the m/z value corresponding to the more intense peak is shown.
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Figure 4.2.6: Simulation of the isotopic pattern for the aerobic oxidation of 1 in CH3CN. Top: after
1 min, using a [(Me3tacn)PdIVMe3]+:[(Me3tacn)PdIVMe2(OH)]+: [(Me3tacn)PdIVMe2(OOH)]+ ratio
of 1:0.3:1.2; Bottom: after 1 h, using a 1:0:0 ratio.
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Stability of (Me3tacn)Pd(CH2CMe2C6H4) under O2
The solution of 2.2 mg of (Me3tacn)Pd(CH2CMe2C6H4) in 0.6 mL of CD3CNwas reacted with O2
using procedure analogous to that described above for aerobic oxidation of (Me3tacn)PdMe2;
1,3,5-trimethoxybenzene was used as an internal standard. The reaction mixture was periodically
analyzed by NMR. No reaction with O2 was observed after 3 days at RT.
Thermolysis of [2]I
Solution of [2]I (7.9 mM) in dmso-d6 was prepared under N2 atmosphere, placed into a Young tube so
that the head space was only 10% of the total volume of the tube to avoid the escape of volatiles; dioxane
was added as an internal standard. The reaction mixture was heated at 113 C and periodically analyzed
by NMR.The starting material disappears with a half life of 6.5 hours to give ethane, CH4, and CH3D in
93%, 7%, and 3% yield after heating for 60 h at 113 C.The identity of the volatile product was confirmed
by comparison of their NMR spectra with the literature reported spectra; in addition, purging the
reaction mixture with nitrogen causes evaporation of the volatiles, ethane and methane, while the
intensity of other signals remains unchanged. The palladium product of the reaction was not identified;
the other diamagnetic products present in the reaction mixture after complete conversion were
characterized by singlets at 2.38, 2.46, 2.57, and 3.03 ppm and multiplets at 2.65-2.95 and 3.81-3.97 ppm;
a small amount of the dark precipitate formed during thermolysis.
Ethane, 1HNMR (300MHz,dmso-d6, 298 K), δ: 0.82 ppm.
CH4, 1HNMR (300MHz,dmso-d6, 298 K), δ: 0.20 ppm.
CH3D, 1HNMR (300MHz,dmso-d6, 298 K), δ: 0.19 ppm (JHD = 2.0 Hz).
4.3 Results andDiscussion
The PdII complex (Me3tacn)PdIIMe2 (1) was obtained through the reaction of (COD)PdMe2 with
Me3tacn under strictly anaerobic conditions in 82% yield. X-ray analysis of 1 reveals a square planar
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geometry around the PdII center bound to two methyl ligands and two N-atoms of Me3tacn, while the
third N-atom of Me3tacn points away from the metal center (Figure 4.3.1, a), similar to the previously
reported structure of (Me3tacn)PdIICl2.[32]The Pd-Me distances are 2.032 and 2.034 Å, similar to other
reported PdIIMe2 complexes supported by diamine ligands.[33–35]
Figure 4.3.1: ORTEP representation of 1(a) and cation of [2]I(b).Selected bond lengths (Å),
1: Pd1-C1 2.032(2); Pd1-C2 2.0339(19); Pd1-N1 2.220(6); Pd1-N2 2.249(4). 2+: Pd1-C1
2.0375(14); Pd1-C2 2.0380(14); Pd1-C3 2.0384(14); Pd1-N1 2.2180(11); Pd1-N2 2.2192(11); Pd1-
N3 2.2193(11).
The twomethyl ligands give rise to a singlet at 0.37 ppm in the 1HNMR spectrum of 1, while Me3tacn
shows a fluxional behavior even at low temperatures with only one average singlet at 2.18 ppm for the
three N-Me groups. Similar fluxional behavior was observed for other Pd complexes with triaza- and
trithiacyclononane ligands and is likely due to the facile exchange between the free and coordinated
donor atoms.[36, 37]The cyclic voltammogram (CV) of 1 in 0.1 M Bu4NPF6/MeCN exhibits an
irreversible oxidation wave at Epa -0.71 V vs Fc+/Fc, which is significantly lower than for the analogous
PdIIMe2 complexes with bidentate N-donor ligands.[17] Such a low oxidation peak potential is likely due
the ability of the tridentate Me3tacn ligand to effectively stabilize an octahedral or distorted octahedral
geometry of a high valent Pd and Pt centers.[32, 38–41] Notably, the oxidation peak potential of 1 is even
lower than that for the previously reported (tBuN4)PdIIMe2 (Epa = -0.36 V vs. Fc+/Fc),[17, 42, 43]
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presumably due to the presence of the amine donors in the equatorial plane and a less rigid structure of
Me3tacn.
Prompted by the previously observed aerobic oxidation of (tBuN4)PdIIMe2,[17] we have investigated
the reactivity of 1 toward O2. When a solution of 1 in MeCNwas exposed to O2, the NMR reveals the
rapid formation of a new diamagnetic Pd complex identified as [(Me3tacn)PdIVMe3]+, 2+ (Scheme 4.1
on page 112).
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Scheme 4.1: Aerobic reactivity of 1.
The yield of 2+ was 44% and 34% after 10 minutes in acetone andMeCN, respectively, and did not
change in the presence of O2 for up to 12 hours.(The theoretical yield of 2+ is 50% assuming transfer of
only oneMe group between two PdMe2 complexes. A mixture of unidentified products formed along
with 2+. Interestingly, the aerobic oxidation of 1 in presence of water markedly lowers at amount of side
products formed, suggesting that presence of protons is needed for a well defined Pd oxidation and O2
reduction mechanism (vide infra). The electrospray mass spectrometry analysis (ESI-MS) of the solution
of 1 in MeCN after the reaction with O2 for 1h shows the presence of a signal at m/z 322.1484 amu
(calcd for 2+ 322.1474 amu). The identity of 2was further confirmed by the independent synthesis of
[(Me3tacn)PdIVMe3]I, [2]I, through the reaction of 1with 1 equiv MeI in acetone or MeCN.The
analytically pure sample of [2]I obtained by this method was isolated in 90-94% yield and fully
characterized by spectroscopic methods. TheNMR spectrum of [2]I was identical to that of 2+ obtained
by the aerobic oxidation of 1. The X-ray analysis of [2]I reveals an octahedral Pd center surrounded by
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three Me groups and a κ3-Me3tacn ligand coordinated to a PdIV center by three N-atoms (Figure 4.3.1 on
page 111, b). The Pd-Me bond distances are 2.037-2.038 Å, similar to other reported PdIVMe3
complexes,[44, 45] while the threeMe-Pd-Me angles are all close to 90 , confirming a symmetric,
pseudo-C3v geometry.
By analogy with (tBuN4)PdMe2,[17] the aerobic reactivity of 1 likely involves an inner-sphere
oxidation of 1with O2, as the formal reduction potential of a O2/O2- couple in MeCN is -1.3 V in
MeCN,[46, 47] significantly more negative than the oxidation potential of 1. Moreover, the addition of 1
to O2-saturated EtCN at -70 C leads to the immediate formation of a bright orange-yellow species (λmax
= 407 nm, ε≥ 11,000M-1cm-1), which then slowly decays over the course of several hours. Although this
intermediate was not isolated, we tentatively assign the observed intense absorption band to a
Pd-superoxo or Pd-hydro-peroxo species.[48, 49] For example, intense LMCT bands can be observed in
superoxo- or peroxo- complexes of various transition metals.[50]
Moreover, the aerobic oxidation of 1 in presence of the spin trap DMPO (DMPO =
5,5-dimethyl-1-pyrroline-N-oxide) yields an EPR-active DMPO radical adduct (or adducts) that were
not formed in absence of 1 or O2, supporting an inner-sphere oxidation of 1 by O2.[17] On the basis of
previous mechanistic studies of aerobic oxidation of PtII and PdII dimethyl
complexes,[17, 48, 49, 51, 52]such an inner-sphere oxidation may involve the initial formation of
PdIII-superoxo intermediate, which upon protonation yields a PdIVhydroperoxo species(Scheme 4.2 on
page 114). The PdIV-OOH intermediate can then oxidize another molecule of 1, also assisted by
protons,[48, 49] to give two molecules of the PdIV-OH species.
Interestingly, ESI-MS analysis of the solution of 1 in MeCN exposed to O2 reveals the formation of
new peaks at m/z 340.1212 amu and m/z 324.1262 amu after 5-15 min, which can be assigned to
[(Me3tacn)PdIVMe2(OOH)]+ (calcd m/z 340.1216) and [(Me3tacn)PdIVMe2(OH)]+ (calcd m/z
324.1267), respectively, in addition to the 2+ species. The two peaks decay rapidly and disappear within
1h, supporting their role as intermediates in the formation of 2+. However, when the oxidation of 1was
performed in 5%H2O/95%MeCN, the two intermediates exhibited increased stability and were present
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in the reaction mixture even after 1 day, supporting the need for protons in the proposed PdII oxidation
and O2 reduction mechanism.
Analogous PtIVMe2(OOH)[49] and PtIVMe2(OH)[48, 49, 51–54] intermediate resulting from
aerobic oxidation of PtIIMe2 have previously been isolated and structurally characterized, while the
aerobic oxidation of (tacn)PtII(dmso)Cl complex has been reported to form an peroxo-bridged PtIV
complex.[55] In contrast, in our case the electrophilic [(Me3tacn)PdIVMe2X]+ intermediates (X =OOH
or OH) likely undergo methyl group transfer to a nucleophilic (Me3tacn)PdIIMe2 (1) species to afford
the trimethyl PdIV complex 2+ (Scheme 4.2 on page 114). A similar Me group transfer from an
electrophilic PdIVMe3 complex to a nucleophilic PtIIMe2 has been previously reported.[56, 57]
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Scheme 4.2: Proposed mechanism for formation of [(Me3tacn)PdIVMe3]+ by aerobic oxidation of
(Me3tacn)PdIIMe2.
The aerobic oxidation of 1 described herein resembles the recently reported oxidatively induced
reactivity of (tBu2bpy)PdIIMe2 leading to ethane elimination. In that case, chemical oxidation of
(tBu2bpy)PdIIMe2 with Fc+, Ag+, or thianthrenyl followed by methyl group transfer generates an
unstable (tBu2bpy)PdIVMe3+ intermediate that reductively eliminates ethane at RT and forms cleanly the
PdII product (tBu2bipy)PdMe(solv)+.[58] In contrast, the aerobic oxidation of 1 did not yield a stable
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PdII monomethyl product, likely due to the instability of the [(Me3tacn)PdIIMeX]+ species (X =OOH
or OH), especially under oxidizing conditions.[59]
To probe whether the methyl group transfer is required for an efficient aerobic oxidation, preliminary
aerobic oxidation studies have employed the palladacyclic PdII precursor
(Me3tacn)PdII(CH2CMe2C6H4-κ2C,C′) (3), which lacks methyl ligands.[27, 60, 61]While 3 is stable
under O2 in MeCN for up to 1 day, addition of 5%H2O to the reaction mixture leads to formation of two
peaks in the ESI-MS at m/z 426.1732 and 442.1685, which are tentatively assigned to
[(Me3tacn)-PdIV(CH2CMe2C6H4-κ2C,C′)(OH)]+ (calcd m/z 426.1739) and
[(Me3tacn)-PdIV(CH2CMe2C6H4-κ2C,C′)(OOH)]+ (calcd m/z 442.1688), respectively. Moreover,
NMR studies show the formation in up to 48% yield of a species tentatively assigned as
[(Me3tacn)-PdIV(CH2CMe2C6H4-κ2C,C′)(X)]+ (X =OH, OOH, or other ligand).[60, 61]While this
reaction is not quantitative, suggesting that the aerobic oxidation may be hampered by steric factors, these
preliminary results imply that the oxidation of (Me3tacn)PdII precursors to yield PdIV species does not
require an alkyl group transfer.
We next examined the reactivity of 2+ toward reductive elimination of ethane. While the solutions of
[2]I are stable at RT, thermolysis of [2]I in DMSO-d6 at 113 C for 60 hours leads to the formation of
ethane, CH4, and CH3D in 93%, 7%, and 3% yields, respectively, along with an undentified diamagnetic
Pd product (Scheme 4.3 on page 116). Such reactivity is similar to that for the analogous complex
[(tacn)PdIVMe3]+ (tacn = 1,4,7-triazacyclononane) leading to ethane elimination at 140 C.[62]
Notably, the reductive elimination of ethane from the PdIVMe3 complexes supported by tridentate
Me3tacn and tacn ligands is significantly slower compared to the analogous PdIVMe3 complexes with
bidentate N-donor ligands, as the latter systems are expected to more easily access a five-coordinate
intermediate.[58, 59, 63] In addition, we have recently reported ethane elimination in high yield at RT
from the PdIVMe3 complex [(κ3-MeN4)PdIVMe3]+ (MeN4 =
N,N’-dimethyl-2,11-diaza[3.3](2,6)pyridinophane), the observed faster C-C bond formation reactivity
vs. 2+ being likely due to the distorted octahedral geometry of [(κ3-MeN4)PdIVMe3]+ .[64]
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Scheme 4.3: Ethane elimination from [(Me3tacn)PdIVMe3]I.
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4.4 Conclusion
In summary, we have shown that (Me3tacn)PdIIMe2 undergoes facile aerobic oxidation to yield a stable
[(Me3tacn)PdIVMe3]+ complex. Moreover, the latter species can selectively eliminate ethane at elevated
temperatures. UV-vis and EPR spectroscopic studies indicate that the aerobic oxidation likely involves an
inner-sphere oxidation of (Me3tacn)PdIIMe2 with O2. The observed facile aerobic reactivity is likely due
to the ability of a tridentante Me3tacn ligand to support an octahedral geometry of a PdIV center.
Moreover, the availability of an additional coordination site provided by the tridentate Me3tacn leads to a
further stabilization of a PdIV center via a Me group transfer to generate the trimethyl PdIV complex.
Overall, this is one of the first examples of direct aerobic oxidation of a PdII organometallic precursor
leading to formation of a well-defined PdIV product. These results suggest that PdIV complexes can act as
viable intermediates in the Pd-catalyzed aerobic oxidation of organic substrates in general, and in the
oxidative aerobic C-C bond coupling in particular. Our current research efforts are aimed at probing the
mechanism of aerobic oxidation and characterization of the transient intermediates.
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Achievement provides the only real pleasure in life.
Thomas Edison, American inventor.
5
Dioxygen Activation by anOrganometallic Pd(II)
Precursor: Formation of a Pd(IV)-OHComplex and
Its C-OBond Formation Reactivity*
* Reproduced in part with permission from Chem. Commun., 2014, 50, 3036.©The Royal Society of
Chemistry 2014. [1].
The complex Me3tacnPd(CH2CMe2C6H4) is readily oxidized by O2 or H2O2 to yield the PdIV-OH
complex [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+. Thermolysis of this product leads to the selective
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C(sp2)-O reductive elimination of 2-tert-butyl-phenol, with no C(sp3)-O elimination product being
detected. This system represents a rare example of selective C(sp2)-O bond formation that is relevant to
Pd-catalyzed aerobic C-H hydroxylation reactions.
5.1 Introduction
Palladium-catalyzed C-H functionalization reactions have been developed over the past two decades as
important and versatile tools in organic synthesis.[2–5] Despite the wide range of such synthetic
methods, there is a dearth of oxidative C-H functionalization reactions using inexpensive and
environmentally friendly oxidants such as O2.
While the majority of aerobic Pd-catalyzed reactions involve a Pd0/PdII catalytic cycle,[6–14] several
recent studies have proposed high-valent PdIII or PdIV species as active intermediates in aerobic C-H
functionalization reactions.[15–20]
We have recently employed multidentate flexible ligands to stabilize high-valent PdIII and PdIV
complexes and studied in detail their reactivity.[21–27] In addition, such high-valent Pd species can be
generated via aerobic oxidation of PdII precursors,[23, 24] which represents an improvement over the
expensive and hazardous oxidants typically used to generate high-valent Pd intermediates in catalytic or
stoichiometric reactions.[15–20] For example, we have reported that Me3tacnPdIIMe2 can be oxidized by
O2 to generate the isolable [Me3tacnPdIVMe3]+ complex formed upon methyl group transfer upon the
aerobic oxidation to PdIV.[24]
Herein we report the palladacycle complex Me3tacnPd(CH2CMe2C6H4) (1) that undergoes rapid
oxidation with O2 or H2O2 to directly form the isolable complex
[Me3tacnPdIV(OH)(CH2CMe2C6H4)]+ (2+) without the need for alkyl group transfer (Scheme 5.5 on
page 152). Thermolysis of 2+ leads to selective formation of 2-tert-butyl-phenol. Additional reactivity
studies suggest that the tridentate ligand employed herein leads to selective C(sp2)-O bond formation,
while no C-halide bond formation was observed for the analogous PdIV-halide complexes, suggesting that
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ligand denticity can be used to control the selectivity of these high-valent Pd complexes in various
C-heteroatom bond formation reactions.
5.2 Experimental Details
5.2.1 General specifications
All manipulations were carried out under a nitrogen atmosphere using standard Schlenk and glove box
techniques if not indicated otherwise. All reagents for which synthesis is not given were commercially
available from Sigma-Aldrich, Acros, Strem or Pressure Chemical and were used as received without
further purification. Solvents were purified prior to use by passing through a column of activated alumina
using anMBRAUN SPS. 1H (300.121MHz) NMR spectra were recorded on a VarianMercury-300
spectrometer. Chemical shifts are reported in ppm and referenced to residual solvent resonance peaks.
Abbreviations for the multiplicity of NMR signals are s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), br (broad). UV-visible spectra were recorded on a Varian Cary 50 Bio spectrophotometer
and are reported as λmax, nm (", M-1cm-1). EPR spectra were recorded on a JEOL JES-FA X-band (9.2
GHz) EPR spectrometer in MeCN glass at 77 K. ESI-MS experiments were performed using a Bruker
Maxis QTOFmass spectrometer with an electrospray ionization source. ESI mass-spectrometry was
provided by theWashington University Mass Spectrometry Resource, an NIH Research Resource (Grant
No. P41RR0954). Cyclic voltammograms were recorded using a BASi EC Epsilon electrochemical
workstation or a CHI 660D Electrochemical Analyzer and a glassy carbon working electrode (GCE), a
platinum-wire auxiliary electrode, and a Ag/0.01M AgNO3/MeCN reference electrode. Electrochemical
grade Bu4NClO4 (tetrabutylammonium perchlorate, TBAP) or Bu4NPF6 from Fluka were used as the
supporting electrolytes at a concentration of 0.1 M in nonaqueous solutions. Potentials are reported
relative to Fc+/Fc in TBAP/MeCN or Bu4NPF6/MeCN.The analyzed solutions were deaerated by
purging with nitrogen for 10 min.
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5.2.2 Synthesis ofMe3tacnPd complexes
(COD)Pd(CH2CMe2C6H5)Cl
The compound (COD)Pd(CH2CMe2C6H5)Cl was prepared according to the literature reported
procedure.[28] To the 0.50 g (COD)PdCl2 in 50 mL of dry Et2O at -70 C,Mg(CH2CMe2C6H5)Cl (0.5
M in Et2O, 4.0 mL , 1.0 eq ) was added. The solution was stirred at low temperature for 30 min, then it
was allowed to reach RT and stirred overnight. The resultant dark suspension was filtered. The residue
was washed with Et2O. The light yellow filtrates were combined, evaporated to dryness. The pale yellow
product was re-dissolved in 80 mL of Et2O. The solution was concentrated to 10 mL, with large
amount of white microcrystalline precipitate. The precipitate was collected by suction filtration, dried to
give pale yellow to white product. Yield: 0.3328 g, 0.8427 mmol, 48.2%.
(COD)Pd(CH2CMe2C6H4)
The compound (COD)Pd(CH2CMe2C6H4) was prepared according to the literature reported
procedure.[29] (COD)Pd(CH2CMe2C6H5)Cl (0.20 g, 0.52 mmol) in THF, NaOH (0.063 g, 1.57
mmol, 3 eq) andH2O (0.16 mL) were added. The solution was stirred under N2 at RT in the dark for 3 h.
The solution was concentrated to dryness, followed by extraction with ether and filtered. The filtrate was
concentrated until some brown precipitate formed. Then some petroleum ether was added. Themixture
was left in -20 C freezer overnight. The crystals were collected by suction filtration, dried to give light
brownish crystals. Yield: 110 mg, 0.317 mmol, 61%.
Me3tacnPd(CH2CMe2C6H4), 1
Inside the glovebox, (COD)Pd(CH2CMe2C6H4) (300 mg, 0.865 mmol) was dissolved in 20 mL of dry
diethyl ether, followed by addition of Me3tacn (175 mg, 1.038 mmol) in 5 mL of ether while stirring. The
reaction mixture was stirred at RT overnight. The resulting colorless solution was filtered, evaporated to
dryness and triturated with small amount of pentane. The white solid was collected by filtration, washed
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with 1 mL of pentane, dried under vacuum. Yield: 287 mg, 0.700 mmol, 81%.
1HNMR (600MHz, CD3CN), δ: 7.13 (d, J = 7.4 Hz, 1H, Ph-H), 6.76 (t, J = 7.4 Hz, 1H, Ph-H),
6.69(t, J = 7.4 Hz, 1H, Ph-H),6.64 (d, J = 7.4 Hz, 1H, Ph-H), 3.05-3.95 (br m, 6H, CH2), 2.73-3.00 (br m,
6H, NCH2), 2.60 (s, 9H, NCH3),1.80 (br s, 2H, PdCH2), 1.26 (s, 6H, CMe2).
13CNMR (151MHz, CD3CN), δ: 169.0 (Ph), 161.2, 135.9, 122.8, 124.1, 122.1, 62.4(NCH2), 49.6
(br, NCH3), 48.0 (CMe2), 43.4 (PdCH2), 34.0 (br, CMe2).
Anal. Found: C, 55.89; H, 8.35; N, 10.19. Calcd for C19H33N3Pd: C, 55.67; H, 8.11; N, 10.25.
N
N
N
PdII
1.26(34.1)
48.0
1.80(43.5)
169161
7.13(135.9)
6.76(122.8)6.69(124.2)
6.63(122.2)
2.60(49.6)
2.89(62.4)
1.26(34.1)
Scheme 5.1: 1H NMR assignment of Me3tacnPd(CH2CMe2C6H4), 1.
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Figure 5.2.1: HMQC spectrum of Me3tacnPd(CH2CMe2C6H4) in CD3CN.
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Figure 5.2.2: HMBC spectrum of Me3tacnPd(CH2CMe2C6H4) in CD3CN.
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[Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4, [2]ClO4
To a stirred solution of 1 (28.8 mg, 0.070 mmol) in MeCN (2 mL), aqueous H2O2 (50 wt%, 0.020 mL,
0.35 mmol) was added. The resulting solution was stirred for 10 min. Then LiClO4 (22 mg, 0.21 mmol)
was added to the clear brown red solution. The cloudy solution was filtered after 30 min. Diethyl ether
was diffused into the filtrate over a few days. Brown crystals formed were collected, washed with ether,
pentane, and dried under high vacuum. Yield: 20.3 mg, 0.0389 mmol, 56%.
1HNMR (600MHz, CD3CN), δ: 7.50 (d, J = 8.0 Hz, 1H, Ph-H), 7.16 (t, J = 7.4 Hz, 1H, Ph-H), 7.10
(t, J = 7.8 Hz, 1H, Ph-H), 6.98 (d, J = 7.5 Hz, 1H, Ph-H), 4.05 (d, J = 6.2 Hz, 1H, PdCH2), 3.97 (d, J = 6.2
Hz, 1H, PdCH2), 3.28-2.82 (m, 8H, -CH2-) 2.92 (s, 3H, N-CH3), 2.76 (s, 3H, N-CH3), 2.27 (s, 3H,
N-CH3), 1.39 (s, 6H, CMe2).
13CNMR (151MHz, CD3CN), δ: 163.8, 153.9, 130.8, 128.1, 127.9, 127.2, 74.9, 65.0, 61.1, 59.6, 58.4,
56.8, 53.8, 53.2, 49.0, 48.6, 35.1, 32.1.
ESI-MS (m/z): 426.1724, Calcd for [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+ 426.1737.
Anal. Found: C, 43.88; H, 6.46; N, 8.07. Calcd for C19H34ClN3O5Pd: C, 43.35; H, 6.51; N, 7.98.
Aerobic oxidation of 1
Method A. Oxidation inMeCN-H2O solution.
To the solution of 1 (2 mg, 0.0049 mmol) in CD3CN (0.5 mL) in a NMR tube, O2 was bubbled for 30
seconds. Then 55 µL of D2Owas added and the NMR tube was filled with O2 and capped. The solution
was mixed thoroughly, and the reaction was monitored periodically by NMR up to 17 hrs. NMR
indicated the yield of product 2+ reached 48%. The counter anion for 2+ is most likely a hydroxide formed
by O2 reduction in presence of water.
Method B. Oxidation in presence of a buffer solution.
To the solution of 1 (2 mg, 0.0049 mmol) in CD3CN (0.5 mL) in a NMR tube, O2 was bubbled for 30
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Figure 5.2.3: 1H NMR of Me3tacnPdIV(OH)(CH2CMe2C6H4) (2+) in CD3CN.
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Figure 5.2.4: HSQC spectrum of 2+ in CD3CN.
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Figure 5.2.5: HMBC spectrum of 2+ in CD3CN.
136
seconds. Then 55 µL of the 1M phosphate buffer in D2O (pD = 7.43) was added. TheNMR tube was
filled with O2 and capped. The solution was mixed thoroughly, and NMRwas taken in 5 minutes. NMR
indicated that all starting material was converted to product 2+. Yield: 98%.
[Me3tacnPdIV(F)(CH2CMe2C6H4)]OTf,[5]OTf
To a stirred solution of 1 (35 mg, 0.085 mmol) in MeCN (5 mL), 1-fluoro-2,4,6-trimethylpyridinium
triflate (25 mg, 0.085 mmol, 1 eq) was added. The light yellow solution turned intense dim brown
quickly. After stirring for 5 min, the solution was filtered, evaporated under vacuum to give yellow oil. The
yellow oil was dissolved in DCM, and diethyl ether was added to precipitate the product. The top clear
solvent was decanted and the remaining sticky solid residue was redissolved in DCM and dried under
high vacuum to give foamy product, which was washed with pentane to remove the residual DCM, and
dried under high vacuum again. Yield: 28.3 mg, 0.049 mmol, 58%.
1HNMR (300MHz, CDCl3), δ: 7.38 (d, J = 8.1 Hz, 1H, Ph-H), 7.17 (t, J = 6.8 Hz, 1H, Ph-H), 7.10
(dd, J = 11.5, 3.7 Hz, 1H, Ph-H), 6.96 (dd, J = 7.4, 2.0 Hz, 1H, Ph-H), 4.36 (dd, J = 10.4, 5.3 Hz, 1H,
Pd-CH2), 4.17 (m, 1H, Pd-CH2), 3.88-2.51 (m, 12 H, NCH2)3.11 (s, J = 5.2 Hz, 3H, NCH3), 2.94 (s, J =
4.7 Hz, 3H, NCH3), 2.38 (s, 3H, NCH3), 1.48 (s, 3H, CMe), 1.44 (s, 3H, CMe).
19F NMR (282MHz, CDCl3), δ: -78.36 (s, OTf), -337.01 (s, Pd-F).
ESI-MS (m/z): 428.1701; Calcd for [Me3tacnPdIV(F)(CH2CMe2C6H4)]+: 428.1695.
Anal. Found: C, 41.28; H, 6.67; N, 7.59. Calcd for C20H33FN3O3PdS: C, 41.56; H, 5.75; N, 7.27. The
higher than expected hydrogen value is probably due to the presence of HF, a side product resulting from
Me3tacnPd(CH2CMe2C6H4) reacting with F+.
[Me3tacnPdIV(Cl)(CH2CMe2C6H4)]ClO4,[6]ClO4
To a stirred solution of 1 (30.0 mg, 0.0724 mmol) in MeCN (1 mL), PhICl2 (20.0 mg, 0.0724 mmol, 1
eq) was added. After stirring for 5 minutes, the solution was filtered. To the resulting clear yellow
solution, LiClO4 (23.1 mg, 0.217 mmol, 3 eq) was added. The solution was stirred for another 5 minutes
137
and filtered again. To the filtrate, large amount of ether was added to precipitate the product. After settled
down, the top solution was decanted and the bottom powder was washed with ether, then pentane. The
resulted yellow powder was dried under vacuum. Yield: 12 mg, 0.025 mmol, 34%.
1HNMR (300MHz, CD3CN), δ: 7.38 (dd, J = 8.0, 1.2 Hz, 1H, Ph-H), 7.16 (td, J = 7.3, 1.2 Hz, 1H,
Ph-H), 7.09 (td, J =7.8, 2.1 Hz, 1H, Ph-H), 6.99 (dd, J = 7.3, 2.1 Hz, 1H, Ph-H), 4.49 (d, J = 5.7 Hz, 1H,
Pd-CH2), 4.15 (d, J = 5.7 Hz, 1H, Pd-CH2), 3.43-2.85 (m, 12H, NCH2), 3.03 (s, 3H, NCH3), 2.84 (s,
3H, NCH3), 2.32 (s, 3H, NCH3), 1.45 (s, 3H, CMe), 1.43 (s, 3H, CMe).
ESI-MS (m/z): 446.1; Calcd for [Me3tacnPdIV(Cl)(CH2CMe2C6H4)]+: 446.1.
Anal. Found: C, 42.12; H, 6.08; N, 7.69. Calcd for C19H33Cl2N3O4Pd: C, 41.89; H, 6.11; N, 7.71.
[Me3tacnPdIV(I)(CH2CMe2C6H4)]I,[7]I
To a stirred solution of 1 (15.8 mg, 0.0385 mmol) in acetone (1 mL), I2 (10.0 mg, 0.0385 mmol, 1 eq)
was added. Orange precipitate formed quickly. After stirring for 1 h, the orange powder was collected by
suction filtration, dried under high vacuum. Yield: 14.6 mg, 0.022 mmol, 57%.
1HNMR (300MHz, CD3CN), δ: 7.28 (dd, J = 7.7, 1.5 Hz, 1H, Ph-H), 7.14 – 7.02 (m, 2H, Ph-H),
6.97 (dd, J = 6.9, 2.5 Hz, 1H, Ph-H), 4.77 (d, J = 6.2 Hz, 1H, Pd-CH2), 3.88 (d, J = 6.2 Hz, 1H, Pd-CH2),
3.55 - 2.73 (m, 12 H, NCH2), 3.20 (s, 3H, NCH3), 3.04 (s, 3H, NCH3), 2.08 (s, 3H, NCH3), 1.43 (s, 3H,
CMe), 1.40 (s, 3H, CMe).
ESI-MS (m/z): 536.0750; Calcd for [Me3tacnPdIV(I)(CH2CMe2C6H4)]+: 536.0754.
Anal. Found: C, 34.45; H, 5.67; N, 6.20. Calcd for C19H33I2N3Pd: C, 34.38; H, 5.01; N, 6.33.
5.2.3 ESI-MS studies of aerobic oxidation of 1
TheESI-MS experiments were performed using either a Bruker Maxis Q-TOF or aThermo LTQ-FT
mass spectrometer, both with an electrospray ionization source. 0.1 mg of 1were dissolved in 0.5 mL of
5%H2O/MeCN at RT.The reaction solutions were then periodically analyzed by ESI-MS by direct
injection of 50 μL of the solution into the ESI-MS instrument. Two peaks with m/z values of at 426.1732
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and 442.1685 were observed at the early stages of the reaction. The two peaks were of 1:10 ratio at 1h.
And the second peak decreased over time, accompanied by the increase of the first peak. The ratio
became around 1:3 at 1 day. The two peaks were assigned to [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+
(calcd C19H34N3O106Pd+ 426.1739) and [Me3tacnPdIV(OOH)(CH2CMe2C6H4)]+ (calcd
C19H34N3O2106Pd+ 442.1688), respectively.
5.2.4 Cyclic voltammograms
0.0 -0.5 -1.0 -1.5
-20
-10
0
10
I (
A)
E vs. Fc (V)
E1/2= - 0.532 V
Figure 5.2.6: Cyclic voltammogram of 1, in 0.1 M Bu4NPF6/MeCN (v = 100 mV/s). E1/2 = -0.532
V (ΔEp = 71 mV) vs. Fc+/Fc. Coulometry measurements reveal that the anodic wave corresponds to
a 2e- oxidation.
5.2.5 Reactivity ofMe3tacnPdIV complexes
Thermolysis of 2+
Thermolysis of [2]ClO4
A stock solution of [2]ClO4 was prepared in DMSO-d6. The stock solution was transferred into a
NMR tube, followed by addition of the 1,3,5-trimethoxybenzene as the internal standard. TheNMR tube
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was sealed and heatet, and the solution was periodically analyzed by NMR.The heating continued until
no further changes were observed. The yields of the products were determined by NMR integration vs.
internal standard, calculated as [moles of product]/[moles of 2+]*100%. The Pd product was not
identified as it is not soluble in DMSO, and precipitate was observed at the end of the reaction. In
addition, no NMR signals corresponding toMe3tacn were observed after the thermolysis was complete.
Formation of compound 2-tert-butylphenol was confirmed by addition of an authentic sample at the
end of the reaction.
1HNMR (300MHz, DMSO-d6), δ: 9.27 (s, 1H), 7.12 (d, J = 7.8, 1H), 6.98 (t, J = 7.5, 1H), 6.76 (d, J =
8.0, 1H), 6.69 (t, J = 7.4, 1H), 1.33 (s, 9H).
13CNMR (75MHz, DMSO-d6), δ: 155.8, 135.2, 126.7, 126.2, 118.6, 116.1, 34.2, 29.3.
GC-MS analysis procedure: The reaction solution was cooled down to RT.Then it was treated with 3
mL of HClO4, followed by extraction with ether (3 x 1 mL).The ether layer were combined and washed
with saturated aqueous NaHCO3 solution, followed by washing with brine. The final ether solution was
dried over K2CO3. Then 1 µL of the final solution was injected into GC-MS.
Reaction in the presence of D2O.
The analogous procedure was used for the reaction in the presence of 55 µL of D2O in 0.5 mL of
DMSO-d6. The product 2-tert-butylphenol, was isolated as following. The reaction solution was treated
with 3 mL of HClO4, then the solution was extracted by ether (3 x 1 mL).The ether layer were combined
and washed with saturated aqueous NaHCO3 solution, followed by washing with brine. The final ether
solution was dried over K2CO3. Then 1 µL of the final solution was injected into GC-MS for analysis. The
OD group exchanged with OH group during this procedure. The GC-MS analysis shows that deuterium
was incorporated into one of the methyl groups of the tert-butyl group in 2-tert-butylphenol.
GC-MS, m/z (relative abundance): 151 (66, M), 136 (100, M - CH3), 135 (65, M - CH2D), 108 (68,
M - 3 CH3), 107 (98, M - (CH3)2CH2D). For comparison, GC-MS of the non-deuterated
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Figure 5.2.7: 1H NMR of thermolysis of [Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4 in DMSO-d6. a)
before heating. b) heated at 110 C for 30 min. c) heated at 110 C for 4 hrs.
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Figure 5.2.8: Yield of intermediate and 2-tert-butyl-phenol during thermolysis of
[Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4 determined by NMR.
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Figure 5.2.9: ESI-MS spectra of thermolysis of [Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4 at 110C after 2 hrs. Starting material [Me3tacnPdIV(OH)(CH2CMe2C6H4)]ClO4 has reacted completely,
as observed by NMR. Top: observed isotopic pattern; bottom: calculated isotopic patter from
[Me3tacnPdII(CH2CMe2-o-OH-C6H4)]+. Note: The reaction mixture was diluted with MeCN and
analyzed by ESI-MS.
2-tert-butylphenol product has the following fragmentation pattern:
GC-MS, m/z (relative abundance): 150 (33, M), 135 (96, M - CH3), 107 (100, M - 3 CH3). In
addition, tBu group appears in a NMR spectrum as two unresolved multiplets assigned as two CH3
groups and a slightly downfield shifted CH2D group, with relative integration ratio of 5.6 : 2
(Figure 5.2.10 on page 144). This experiment shows that traces of water present in DMSO-d6 ( 35 mM
of H2O in DMSO-d6) likely acts as a source of protons for the formation of 2-tert-butylphenol. However,
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when D2O (10%) was deliberately added to DMSO-d6, thermolysis of [2]ClO4 gave 2-tert-butylphenol
in 65% yield, which indicated more water did not lead to higher yield.
+
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N
PdII
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CH2D
OD
+ D2O
65%
Scheme 5.2: Thermolysis of 2+ in presence of 10% of D2O.
Thermolysis with different initial concentration of PdIV Complex [2]ClO4 (1.1 mg, 0.00209
mmol) was dissolved in 0.4 mL of DMSO-d6 and 1,3,5-trimethoxybenzene was added as the internal
standard. The solution was transferred into a NMR tube, capped, and sealed to give the final
concentration of 5.22 mM. Similarly, solutions of concentration of 9.499 mM and 19.47 mMwere
prepared by dissolving 2.0 mg and 4.1 mg of [2]ClO4 in 0.4 mL of DMSO-d6, respectively. TheNMR
tube was heated and periodically analyzed by NMR.The heating continued until no further changes were
observed. The yields of the products were determined by NMR integration vs. internal standard,
calculated as [moles of product]/[moles of 2+]x100%. A small amount (<10%) of unidentified side
products was observed by NMR.
Table 5.2.1: Thermolysis of 2+ with different initial concentrations.
Starting conc. of 2+ 5.22 mM 9.499 mM 19.47 mM
yield of 2-tBu-phenol 74.1% 66.2% 55.6%
Note: The highest yield (74%) was obtained at a concentration of 2+ at 5.22 mM, while the lowest
yield (57%) was obtained at 19.5 mM 2+. This suggests that Calkyl-O bond formation most likely does not
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Figure 5.2.10: 1H NMR of thermolysis of 2+ in DMSO-d6 in presence of 10% of D2O.
follow a bimolecular mechanism, however bimolecular side-reactions may lead to a decreased yield of
2-tert-butylphenol at higher concentrations of 2+.
Thermolysis of 5+
A stock solution of [5]OTf (6-10 mM) was prepared by dissolving [5]OTf in CDCl3. 0.6 mL of the stock
solution was transferred into a NMR tube, followed by addition of 10 uL of a 1,3,5-trimethoxybenzene
stock solution used as the internal standard. The solution was capped and sealed tight, before it was
heated in the oil bath. The thermolysis process was periodically monitored by NMR, until the starting
material was completely gone, and further heating does not induce any changes. The yields of the
products were determined by NMR integration using 1,3,5-trimethoxybenzene as the internal standard,
144
calculated as [moles of product]/[moles of 5+]x100%. Yield: 95%.
ESI-MS (m/z): 446.1404; Calcd for [Me3tacnPdIV(Cl)(CH2CMe2C6H4)]+: 446.1419.
1HNMR (300MHz, CDCl3), δ: 7.25 (d, 1H), 7.16 (t, J = 7.1 Hz, 1H), 7.09 (t, J = 7.6 Hz, 1H), 6.94 (d,
J = 7.2 Hz, 1H), 4.53 (d, J = 5.3 Hz, 2H), 4.01 (d,J = 5.3 Hz, 1H), 3.09 (s, 3H), 2.89 (s, 3H), 2.36 (s, 3H),
1.50 (s, 3H), 1.44 (s, 3H).
Note: The coupling constant for a doublet at 7.25 ppm was not determined because of overlap with the
solvent peak. The ESI-MS exhibits a peak at m/z 446.1404, which was identified as
[Me3tacnPdIV(Cl)(CH2CMe2C6H4)]+ (m/z 446.1419). The product was further confirmed by
comparing to the independently synthesized authentic sample
[Me3tacnPdIV(Cl)(CH2CMe2C6H4)](ClO4) (see below).
Thermolysis of 6+
Me3tacnPdIV(Cl)(CH2CMe2C6H4) (6+) is very stable at RT. Unselective decomposition is also
observed upon heating above 110 C to give some unidentified products, which did not contain the
expected C-Cl reductive elimination product according to GC-MS and NMR.The reaction solution was
cooled down to RT.Then it was treated with 3 mL of HClO4, followed by extraction with ether (3 x 1
mL).The ether layer were combined and washed with saturated aqueous NaHCO3 solution, followed by
washing with brine. The final ether solution was dried over K2CO3. Then 1 μL of the final solution was
injected into GC-MS for analysis.
Thermolysis of 7+
Me3tacnPdIV(I)(CH2CMe2C6H4) (7+) is very stable and no sign of decomposition was observed when
heated below 100 C over several hours. Unselective decomposition is observed upon heating above 110
C to give unidentified products, which did not contain the expected C-I reductive elimination product
according to GC-MS and NMR. GC-MS analysis was performed as follows. The reaction solution was
cooled down to RT.Then it was treated with 3 mL of HClO4, followed by extraction with ether (3 x 1
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mL).The ether layer were combined and washed with saturated aqueous NaHCO3 solution, followed by
washing with brine. The final ether solution was dried over K2CO3. Then 1 μL of the final solution was
injected into GC-MS for analysis.
5.2.6 Computational studies
The density functional theory (DFT) calculations were performed using the Gaussian 09 program
package.[30]TheM06 functional[31] along with the Stevens (CEP-31G)[32, 33] valence basis sets and
effective core potentials were employed. The CEP-31G valence basis set is valence triple-ζ for palladium
and double-ζ for main group elements. The non-hydrogen main group elements were augmented with a
d-polarization function: ξd = 0.8 for carbon, nitrogen, oxygen, and fluorine. This functional/basis set
combination has been shown previously to reproduce well experimental parameters of organometallic
complexes.[34]The optimized geometries were calculated without any symmetry constraints. The
obtainedminima were confirmed by the absence of any imaginary frequency, and the calculated transition
states were checked by inspection of the single imaginary frequency along the reaction coordinate.
Thermochemical data were calculated using default parameters at 298 K and 1 atm. Solvent corrections
(DMSO) were performed using the SMDmodel.[35]The calculated energies of 2+, 5+, and the
corresponding sp2 and sp3 transition states are shown below in kcal/mol(Table 5.2.2 on the following
page and Table 5.2.3 on page 148 ), with the values for 2+ and 5+ being set to 0.0 as reference.
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Scheme 5.3: Calculated transition state parameters for the C(sp2)-OH and C(sp3)-OH bond forma-
tion reactions from Me3tacnPdIV(OH)(CH2CMe2C6H4).
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5.2.7 X-ray structure determinations
Crystals of appropriate dimension were mounted on aMitgen cryoloops in a random orientation.
Preliminary examination and data collection were performed using a Bruker Kappa Apex II Charge
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford
Cryostream LT device. All data were collected using graphite monochromatedMo Kα radiation (λ=
0.71073 Å) from a fine focus sealed tube X-Ray source. Preliminary unit cell constants were determined
with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and φ scan frames with
typical scan width of 0.5  and counting time of 15-30 seconds/frame at a crystal to detector distance of
3.5 cm. The collected frames were integrated using an orientation matrix determined from the narrow
frame scans. Apex II and SAINT software packages[36] were used for data collection and data integration.
Analysis of the integrated data did not show any decay. Final cell constants were determined by global
refinement of xyz centroids of reflections from the complete data set. Collected data were corrected for
systematic errors using SADABS[36] based on the Laue symmetry using equivalent reflections.
Table 5.2.2: Energy differences between sp2 and sp3 transition states for C-O reductive elimination.
Complex Enthalpy (kcal/mol) Free Energy (Kcal/mol)
2+ 0 0
2+ (sp2 ts) 21.9 22.3
2+ (sp3 ts) 25.2 25.1
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Table 5.2.3: Energy differences between sp2 and sp3 transition states for C-F reductive elimination.
Complex Enthalpy (kcal/mol) Free Energy (Kcal/mol)
5+ 0 0
5+ (sp2 ts) 29.4 30.2
5+ (sp3 ts) 30.5 29.4
Structure solution and refinement were carried out using the SHELXTL- PLUS software package.[37]
The structures were solved by direct methods and refined successfully in the space group Cc in the case of
Me3tacnPd(CH2CMe2C6H4), Pca21 for all other three cases. Full matrix least-squares refinement was
carried out by minimizing Σw(Fo2-Fc2)2. The non-hydrogen atoms were refined anisotropically to
convergence. All hydrogen atoms were treated using appropriate riding model (AFIXm3).
Acknowledgement: Funding from the National Science Foundation (MRI, CHE-0420497) for the
purchase of the ApexII diffractometer is acknowledged.
Figure 5.2.11: ORTEP representation of 6+.
148
Figure 5.2.12: ORTEP representation of 7+.
5.3 Results andDiscussion
Complex 1was prepared by reactingMe3tacn with (COD)Pd(CH2CMe2C6H4) in diethyl ether. The
single crystal X-ray characterization of 1 reveals a square planar geometry around the PdII center that is
bound to two C and two N atoms, while the third N atom of theMe3tacn ligand points away from the Pd
center (Figure 5.3.1 on the following page), similar to the previously reportedMe3tacnPdIIMe2
complex.[24]The Pd-C distances are 2.010 Å and 2.016 Å, respectively, similar to those found for other
palladacycles complexes supported by N-donor ligands.[38, 39] NMR analysis reveals one singlet peak
for the three N-methyl groups of theMe3tacn ligand, indicating the three N-Me groups are rapidly
exchanging on the NMR timescale. In addition, the dynamic behavior of Me3tacn leads to a plane of
symmetry incorporating the palladacycle fragment, as suggested by the singlet NMR peaks observed for
Pd-CH?CMe2 and Pd-CH2CMe2 at 1.80 and 1.26 ppm, respectively.
The cyclic voltammogram (CV) of 1 (Figure 5.2.6 on page 139) in 0.1 M Bu4NPF6/MeCN shows a
reversible oxidation wave at E1/2 = −0.53 V (ΔEp = 71 mV) vs. Fc+/Fc, which is significantly lower than
those for analogous PdIIMe2 complexes with bidentate N-donor ligands,[23] and only slightly higher
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Figure 5.3.1: ORTEP representation of 1.
Figure 5.3.2: ORTEP representation of 2+.
than our previously reported complex Me3tacnPdIIMe2.[24]We attribute the low redox potential of 1 to
the ability of the Me3tacn ligand to provide an axial donor atom and thus stabilize the oxidized
high-valent Pd species that generally adopt a geometry with a higher coordination number.[27]
Coulometry analysis indicated this redox peak corresponds to 2 electrons process, namely PdII to PdIV.
This is because the redox potential for PdIII/IV is very similar to that of PdII/III, likely due to the
conformational changes accompanied with the oxidation state changes.
The observed low redox potential for 1 prompted us to study its oxidation by O2. Exposure of a
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colorless solution of 1 to O2 in presence of H2O (10%H2O:MeCN v:v) or 5 equiv H2O2 generates
rapidly a yellow solution, and 1HNMR analysis reveals the formation of a new species identified as the
PdIV complex 2+. The yield of 2+ can be increased to >98% when the oxidation is performed in presence
of either 10% 1.0 M pH 7.4 phosphate buffer or a slight excess of acid. These results suggest that aerobic
oxidation of 1 requires the presence of protons for O2 reduction, and use of a buffered solution or
addition of acid ensures a rapid reduction of O2 over the course of the reaction.
In addition, 2+ can also be rapidly generated in almost quantitative yield upon addition of 5 equiv
H2O2. The PdIV product can be isolated as the perchlorate salt, [2]ClO4, and characterized by X-ray
crystallography (Figure 5.3.2 on the preceding page), NMR(Figure 5.2.4 on page 135 and Figure 5.2.5 on
page 136), and ESI-MS. X-ray analysis(Figure 5.3.2 on the previous page) reveals an octahedral Pd center
with the two C atoms and two N atoms in the equatorial plane, while the third N donor fromMe3tacn
and the hydroxide ligand occupy the axial positions. The Pd-C distances (2.024 Å and 2.061 Å) are similar
to the only other PdIV(CH2CMe2C6H4) complex supports by a tridentate N-donor ligand,[40] while the
Pd-OH distance (2.018 Å) is similar to those of other palladacycle PdIV-OH complexes.[38]The 1H
NMR of 2+ in CD3CN exhibits two doublets at 4.05 ppm and 3.97 ppm for the Pd-CH2 group,
supporting a geometry lacking a plane of symmetry.
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Scheme 5.5: Oxidative reactivity of the PdII complex 1.
On the basis of previous mechanistic studies of the aerobic oxidation of Me3tacnPdIIMe2,[24] we
propose an analogous mechanism for the O2 activation by 1 that involves the formation of an PdIV-OOH
intermediate followed by the formation the PdIV-OH product (Scheme 5.6 on page 153). Indeed, the
ESI-MS of the oxidation reaction solution shows two peaks with m/z values of 426.1732 and 442.1685,
corresponding to 2+ (calcd. m/z 426.1739) and [Me3tacnPdIV(OOH)(CH2CMe2C6H4)]+ (calcd. m/z
442.1688), respectively (Figure 5.2.9 on page 142). The decrease of the peak intensity of
[Me3tacnPdIV(OOH)(CH2CMe2C6H4)]+ over time is accompanied by an increase of the relative peak
intensity of [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+, supporting the intermediacy of
[Me3tacnPdIV(OOH)(CH2CMe2C6H4)]+ during the formation of
[Me3tacnPdIV(OH)(CH2CMe2C6H4)]+. A similar mechanism was also proposed for the aerobic
oxidation of related PdII and PtII organometallic complexes.[23, 25, 41–47] Compared to the aerobic
oxidation of Me3tacnPdIIMe2, the oxidation of 1 by O2 to yield an isolable PdIV product does not require
and alkyl group transfer step that cannot occur for 2+.[24]Thus, it can expected that O2 could be used as
an oxidant for oxidatively-induced C-heteroatom bond formation reactions (see below).
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Scheme 5.7: Aryl C-O bond reductive elimination upon thermolysis of 2+.
We next sought to study the C-O bond formation reactivity of 2+, especially the selectivity of the C-O
bond formation, as C-heteroatom bond formation studies from asymmetric dihydrocarbyl-PdIV
complexes are rare.[34]When [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+ was heated to 110 C in DMSO,
a new transient species is observed followed by formation of 2-tert-butylphenol in up to 74% yield, as
determined by NMR (Figure 5.2.7 on page 141) and GC-MS. Trace amount of water is likely the source
of the protons for the formation of 2-tert-butylphenol. When the reaction was performed in D2O, the
product 2-(CMe2(CH2D))-phenol was obtained. C-O bond formation was also observed in other polar
aprotic solvents: thermolysis in DMF leads to the formation of 2-tert-butylphenol in a comparable yield.
Interestingly, the organic product that would result from C(sp3)-O reductive elimination,
PhCMe2CH2OH, was not detected under any of the experimental conditions examined. In addition,
C-C bond formation to form a benzocyclobutane derivative is unlikely due to the strain of the
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four-membered ring product.
The new species was tentatively assigned as [Me3tacnPdII(CH2CMe2-o-OH-C6H4)]+ based on
ESI-MS and NMR. ESI-MS (Figure 5.2.9 on page 142)of the reaction mixture shows the presence of a
peak at m/z 426.1717 (calcd. [Me3tacnPdII(CH2CMe2-o-OH-C6H4)]+ 426.1731). The starting material
2+ also has an m/z of 426.1739. However, the peak observed by ESI-MS persists even after 2+ has reacted
completely based on 1HNMR, indicating that a new product with a similar mass is formed (m/z calcd for
4+: 426.1731). While the 1HNMR spectrum reveals a singlet at 2.16 ppm for the Pd-CH2 group, similar
to Me3tacnPd(CH2CMe2C6H4)(singlet at 1.80 ppm) and in the typical range of 1.96-2.37 ppm for
PdII(CH2CMe2Ph)[28, 48] and PdII(CH2CMe2 o C6H4)[29] complexes with N donor ligands.
The selective formation of 2-tert-butylphenol from 2+ represents a rare example of C-OH elimination
from an organometallic PdIV complex. While Caryl-O bond formation reactions from PdIV have been
reported (e.g., Caryl-OH bond formation from PdIV monoaryl complexes [49] or Caryl-carboxylate
elimination from PdIV bis-aryl complexes [50, 51]), the selective Caryl-O vs. Calkyl-O bond formation
reactivity has not been observed before. Themechanism of this reaction likely involves a concerted
Caryl-O elimination from a PdIV center, as proposed recently.[49] Moreover, the effect of concentration of
2+ on the yield of 2-tert-butylphenol suggests that a bimolecular mechanism for Calkyl-O bond formation
is unlikely.
In order to provide insight into the observed selective C(sp2)-O vs. C(sp3)-O bond formation
reactivity for 2+, DFT calculations were employed to determine the activation parameters for the two
possible C-O bond formation steps. First, the geometry optimized structure of 2+ was determined using
theM06/CEP-31G level of theory and with solvent correction, and then the transition states for both
C(sp2)-O vs. C(sp3)-O bond formation reactions were calculated to yield ΔHz values of 21.9 and 25.2
kcal/mol, respectively (Scheme 5.3 on page 146). The lower enthalpy of activation by 3.3 kcal/mol for the
former transition state supports the observed selectivity and suggests that C(sp2)-O bond-forming
reductive elimination is preferred from a PdIV center supported by a tridentate ligand. Interestingly, the
opposite selectivity was recently observed by Sanford et al. for C(sp3)-F vs. C(sp2)-F coupling from a
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PdIV center supported by a bidentate ligand (see below).[34]
The oxidation reactivity of 1was also tested using other oxidants such as
N-fluoro-2,4,6-trimethylpyridinium triflate, PhICl2 and I2. The corresponding products,
[Me3tacnPdIV(F)(CH2CMe2C6H4)]+ (5+), [Me3tacnPdIV(Cl)(CH2CMe2C6H4)]+ (6+) and
[Me3tacnPdIV(I)(CH2CMe2C6H4)]+ (7+) were isolated, and [6]ClO4 and [7]I were structurally
characterized to reveal a coordination geometry similar to that of 2+. (Figure 5.2.11 on page 148 and
Figure 5.2.12 on page 149).
Interestingly, no C-halide reductive elimination was observed upon prolonged heating of either 5+, 6+,
or 7+. By comparison, examples of C(sp3)-F and C(sp2)-F bond formation upon reductive elimination
from PdIV complexes supported by bidentate ligands were recently reported,[50, 52] and the formation of
a five-coordinate intermediate via ligand dissociation [34] or the presence of a hemi-labile sulfonamide
ligand [52] was proposed during C-F reductive elimination. This suggests that formation of a
five-coordinate PdIV intermediate is likely a prerequisite for facile C(sp2)-F bond formation reactivity and
such intermediate is not easily accessible for 2+, most likely due to the presence of the three strong amine
donors of Me3tacn. The calculated transition states for the C(sp2)-F and C(sp3)-F bond formation
reactions from 5+ yield comparable ΔHz values of 29.4 and 30.5 kcal/mol, respectively (Scheme 5.4 on
page 147), strongly suggesting that both types of C-halide bond formation from theMe3tacnPdIV center
are disfavored energetically. Overall, this observed ligand-controlled bond formation reactivity can be
exploited for developing selective aerobically-induced C-O bond formation catalytic transformations,
which are currently being investigated by us.
5.4 Conclusion
In summary, we report herein an organometallic PdII complex 1 that undergoes facile aerobic oxidation to
form a stable PdIV-OH complex 2+ that was isolated and fully characterized. TheO2 activation reactivity
is due to the low oxidation potential of 1 supported by the tridentate amine ligandMe3tacn that can
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effectively stabilize the octahedral geometry of the generated PdIV center. Interestingly, thermolysis of the
organometallic PdIV-OH complex 2+ leads to selective C(sp2)-O vs. C(sp3)-O bond formation and
formation of 2-tert-butylphenol. This represents a rare example of a selective Caryl-O reductive
elimination from a PdIIV-OH complex that is formed via aerobic oxidation of a PdII precursor and thus is
relevant to Pd-catalyzed aerobic hydroxylation reactions.[53]Moreover, the observed preference for C-O
vs. C-halide bond formation reactivity is currently explored for the development of selective aerobic C-O
bond formation transformations.
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Do not, for one repulse, give up the purpose that you resolved
to effect.
William Shakespeare, British dramatist.
6
Synthesis and Study of NewBinucleating nBuDBFtpa
Ligand and its Complexes
Four binucleating tetradentate ligands of the generic formula Di-nBu-DBF-Mennn-tpa were synthesized
via an adapted procedure reported in literature [1]. The final ligands as well as the intermediate products
were characterized by 1H and 13CNMR and ESI-MS.These ligands were used to complex with some
transition metals in the hope that the two metal centers could be brought into close proximity within the
bridging distance of oxo or hydroxyl ligand, which then will potentially be active toward water oxidation
reaction. Some of the complexes have been characterized by X-Ray crystallography, 1HNMR, Uv-vis,
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ESI-MS, IR. Our study showed that the ligands using dibenzofuran as linker were unable to support the
expected bis(µ-O) or bis(µ-OH) structure. Rather, we find that the linker is central in term of its size and
shape, which largely define theM-M distance, since the scaffold is fairly rigid. DFT calculation indicates
that the energy barrier to bring two metals close enough is prohibitively high. This observation offers a
valuable guide for future selection of linker molecules.
6.1 Introduction
Ligands with a poly-pyridyl motif such as tris(2-pyridylmethyl)amine are of great interest due to their
versatile coordinating modes and facile tuning ability on electronics as well as sterics, which confer them
peculiar properties in many reactions.[2–8]They act as tri-dentate or tetra-dentate ligands depending on
the specific context when complexing with some transition metals. Enormous efforts have been exerted
to derivatizing the ligands and hence studying their coordinating chemistry.
Other than numerous mono-nucleating ligands, some binucleating ligands were also developed.[9–11]
However, they were generally used in purposes other than water oxidation, such as oxygen
reduction.[12, 13] Only very few examples were used for water oxidation study.[14] Deng et. al. has
reported the observation of direct “Pac-Man” effect from their dibenzofuran bridged cofacial
bisporphyrin.[15]
Inspired by this study, we find it very appealing to join two tris(pyridylmethyl amine) (tpa) subunit by
dibenzofuran, to make a binucleating ligand, within which the two metal centers are brought close
enough so that synergic effect are fostered through some simple bridging ligands, such as oxygen. We
were hoping that through careful selecting of the linker molecules, the final binucleating ligand would
embody optimal flexibility as well as rigidity: flexible enough that it allows the two metal centers to be
close enough for the bridging bis(µ-OH) structure; yet rigid enough so that further oxidation to smaller
bridge bis(µ-oxo) will significantly destabilize the structure, which will lead to the release of dioxygen.
Water oxidation is the key step in the light driven water splitting reaction, which is in turn the key step
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in the ultimate goal: converting solar energy into hydrogen fuel.[16–18] Catalysis of the water oxidation
reaction continues to be one of the most challenging research subjects and is pursued actively by
researchers.[19–21] It was proposed that three mechanisms could be used (Figure 6.1.1 on the next
page): nucleophilic attack by solvent water on high valent metal-oxo center ; radical coupling between
twometal oxo species; reductive elimination from the bis (μ-oxo) core structure. The third idea is not well
studied and of our particular interests since it is entropicly more favorable due to the pre-organized
structure.
Previous studies have shown that multinuclear structure is favored for multi-electron process.[19] So
we elaborated this mechanism to a catalytic cycle as shown in Figure 6.1.2 on the following page. We
managed to install two tris(pyridylmethyl)amine (tpa) unit onto a rigid dibenzofuran molecule to give
the final binucleating nBuDBFtpa. Our hypothesis was, the ligand should hold two metal centers in an
appropriate distance, so that bis (μ-oxo) core structure could be formed. The other potential advantage of
this ligand is, the rigid structure should be more stable against decomposition, which was the major cause
of the low turnover number in the water oxidation catalysis.
To this end, some bis (μ-oxo) bimetallic complexes were attempted with our newly developed ligands.
It turned out that the expected bis (μ-oxo) bimetallic complexes did not form, most probably due to the
rigidity and orientation of the backbone molecule. However, the resultant complexes would be of
interests for some other catalytic reactions. This synthetic route should be applicable for many other big
molecules of similar structures, provided some easy modifications at certain steps.
6.2 Experimental Details
6.2.1 General specifications.
All reagents for which the syntheses are not given were purchased from Sigma-Aldrich, Acros, STREM, or
Pressure Chemical and were used as received without further purification. Solvents were purified prior to
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Figure 6.1.1: Three possible water oxidation mechanisms: a) Nucleophilic attack of hydroxide on
High-valent metal oxos. b) Radical coupling of two oxos. c) Reductive elimination of bis μ-oxos.
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Figure 6.1.2: Proposed route of water oxidation by our new ligand. Two springs were used to figura-
tively show the moderate flexibility and strain of the ligand backbone.
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use by passing through a column of activated alumina using anMBRAUN SPS. NMR spectra were
obtained on a VarianMercury-300 spectrometer (300.121MHz) or a Varian Unity Inova-600
spectrometer (599.746MHz). Chemical shifts are reported in parts per million (ppm) with residual
solvent resonance peaks as internal references.[22] Abbreviations for the multiplicity of NMR signals are
singlet (s), doublet (d), triplet (t), quartet (q), septet (sep), multiplet (m), broad resonance (br). Solution
magnetic susceptibility measurements for PdIII complexes were obtained at 293 K by the Evans
method[23] using coaxial NMR tubes and CD3CN as solvents, and the corresponding diamagnetic
corrections were included.[24] UV-visible spectra were recorded on a Varian Cary 50 Bio
spectrophotometer and are reported as λmax, nm (", M-1cm-1). EPR spectra were recorded on a JEOL
JES-FA X-band (9.2 GHz) EPR spectrometer in PrCN-MeCN (3:1) at 77 K. ESI-MS experiments were
performed using a linear quadrupole ion trap Fourier transform ion cyclotron resonance mass
spectrometer (LTQ-FTMS,Thermo, San Jose, CA) or a Bruker Maxis Q-TOFmass spectrometer with an
electrospray ionization source. ESI mass-spectrometry was provided by theWashington University Mass
Spectrometry Resource. Elemental analyses were carried out by the Columbia Analytical Services Tucson
Laboratory.
Cyclic voltammetry (CV) studies were performed with a BASi EC Epsilon electrochemical
workstation or CHI Electrochemical Analyzer 660D. Electrochemical grade Bu4NClO4, Bu4NPF6, or
Bu4NBF4 from Fluka were used as the supporting electrolytes. The electrochemical measurements were
performed under a blanket of nitrogen, and the analyzed solutions were deaerated by purging with
nitrogen. A glassy carbon disk electrode (GCE) was used as the working electrode, and a Pt wire as the
auxiliary electrode. The non-aqueous Ag-wire reference electrode assembly was filled with 0.01M
AgNO3/0.1 M Bu4NClO4/MeCN solution. The reference electrodes were calibrated against ferrocene at
the end of each CVmeasurement.
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Scheme 6.1: Synthesis of nBuDBFtpa.
6.2.2 Synthesis of nBuDBFtpa and its metal complexes.
Ligand synthesis
Synthesis of 1-(8-Butyryldibenzofuran-2-yl)-butan-1-one
Synthesis of 1-(8-Butyryldibenzofuran-2-yl)-butan-1-one was performed by following the adapted
literature reported procedure.[25] Butyryl chloride (17.12 g, 161 mmol) was dissolved in 65 mL of
1,2-dichloroethane under N2, Aluminum chloride (21.42 g, 161 mmol) was added to the stirred solution
in small portions over 1 h. A solution of dibenzofuran (10.4 g, 61.8 mmol) in 1,2-dichloroethane (20 mL)
was added dropwise to the mixture via addition funnel at 50 C over 30 min. The solution was then
refluxed for 12 h. Then the solution was cooled to RT, and poured to ice water (150 mL). concentrated
hydrochloric acid (25 mL) was added to the mixture and the suspension was stirred for another 1 h. The
organic layer was isolated and the aqueous layer was extracted with more dichloromethane. The
combined organic extracts were dried over anhydrous Na2SO4, condensed to give the crude product. The
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crude brown oil was purified by recrystallization from dichloromethane and pentane to give the light
brown powder. Yield: 14.0 g, 73.5%.
1HNMR (300MHz, DMSO-d6, 298 K), δ: 9.03 (d, J = 1 Hz, 2 H, Ar-H); 8.17 (dd, J = 9 Hz, 2 Hz, 2 H,
Ar-H); 7.84 (d, J = 9 Hz, 2 H, Ar-H); 3.14 (t J = 7 Hz, 4 H, CH2); 1.71 (m, 4 H, CH2); 0.99 (t J = 7 Hz, 6
H, CH3).
Synthesis of 2,8-dibutyl-dibenzofuran
Synthesis was performed by following the adapted literature reported procedure.[25]
2,8-dibutyryl-dibenzofuran (9.46g, 30.7 mmol), hydrazine hydrate (10mL, 190 mmol), finely grounded
KOH (14.28 g, 254 mmol) were suspended in 150 mL triethylene glycol in a 500 mL RB flask. Then a
condenser was assembled and heated to reflux. 3.5 hrs later, the condenser was removed and solution was
boiled for another one hour to distil off the excess hydrazine and water. Then the suspension was allowed
to cool down before 300 mL of water was added. Themixture was extracted with 1:1 mixture of diethyl
ether and dichloromethane for 3 times. Then the extracts were combined, dried over NaSO4,
concentrated to give brown viscous oil. The crude producted was eluted through a column by 1:9 mixture
of DCM and hexane to afford the viscous translucid oil. Yield: 5.38 g, 63%.
1HNMR (300MHz, DMSO-d6, 298 K), δ: 7.92 (d, J = 2Hz, 2H Ar-H), 7.54 (d, J = 8 Hz, 2H, Ar-H),
7.32 (dd, J = 8, 2 Hz, 2H, Ar-H), 2.73 (t, J = 8 Hz, 4H, nBu-CH2), 1.72-1.55 (m, 4H, nBu-CH2),
1.41-1.26 (m, 4H, nBu-CH2), 0.91 (t, J = 7 Hz, 6H, nBu-CH3).
Synthesis of 2,8-dibutyl-4,6-bis(trimethylsilyl)dibenzofuran Synthesis was performed by following the
adapted literature reported procedure.[26] 2,8-dibutyl-dibenzofuran (2.0 g, 7.14 mmol) was dissolved
into a 250 mL RB flask, then the solution was put under nitrogen. 50 mL of dry ether were transferred
into the flask via canula with the help of nitrogen. Then tetramethylethylenediamine (TMEDA) (4.3 mL,
28.56 mmol) was added via canula. The solution was then put in dry ice/acetone bath, followed by
addition of n-Butyl lithium (17.85mL, 28.56 mmol) over 10 min. After the addition, the cold bath was
removed and the solution was allowed to warm to r.t. and continue to stir overnight. Themixture was
cooled to 0 C by ice bath. AndMe3SiCl (3.6 mL, 28.56 mmol) was added via syringe dropwise over 10
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min. The ice bath was removed after addition was finished. The reaction was allowed to continue
overnight at r.t. Themixture was washed by water. The organic portions were combined and dried over
MgSO4, then concentrated to give yellow viscous oil. The crude product was further dried under vacuum
to give the final product. Yield: 3.34 g, 100%.
1HNMR (300MHz, CDCl3, 298 K), δ: 7.75 (d, J = 2 Hz, 2H, Ar-H), 7.29 (d, J = 2 Hz, 2H, Ar-H), 2.76
(t, J = 8 Hz, 4H, nBu-CH2), 1.75-1.62 (m, 4H, nBu-CH2), 1.49-1.35 (m, 4H, nBu-CH2), 0.97 (t, J = 7.3
Hz, 6H, nBu-CH3), 0.46 (s, 18H, Si-CH3).
2,8-dibutyl-dibenzofuran-4,6-diboronic acid Synthesis was performed by following the adapted literature
reported procedure.[26] 2,8-dibutyl-4,6-bis(trimethylsilyl)dibenzofuran (3.30 g, 7.77 mmol) was
dissolved into a 250 mL RB flask by 150 mL of dry DCM.Then the solution was put under nitrogen. BBr3
(1.9 mL, 20.2 mmol) was added and then the solution was stirred overnight. Water was added then the
sticky gel like slurry was centrifuged before the cake was collected by vacuum filtration. The cake was
further dried under reduced pressure to afford white powder. Yield: 1.92 g, 67%.
1HNMR (300MHz, DMSO-d6, 298 K), δ: 8.17 (s, 4H, B-OH), 7.96 (d, J = 2 Hz, 2H, Ar-H), 7.57 (d, J
= 2 Hz, 2H, Ar-H), 2.73 (t, J = 8 Hz, 4H, nBu-CH2), 1.71-1.58 (m, 4H, nBu-CH2), 1.42-127 (m, 4H,
nBu-CH2), 0.93 (t, J = 7.3 Hz, 6H, nBu-CH3).
13CNMR (151MHz,DMSO-d6, 298 K), δ: 158.2, 136.2, 133.6, 122.6, 122.2, 34.9, 33.8, 21.9, 13.9.
ESI-MS: m/z 391.2; calculated for [M+Na]+, C20H26B2O5Na, 391.2.
2,8-dibutyl-4,6-di(2-methylpyridine-4-yl)-dibenzofuran di-N-Oxide
Synthesis was performed by following the adapted literature reported procedure.[1]
2,8-dibutyl-dibenzofuran-4,6-diboronic acid (1.50 g, 4.07 mmol), 2-methyl-4-bromo-pyridine N-oxide
(1.69 g, 8.98 mmol), Pd(Pph3)4 (0.377 g, 0.326 mmol) and Na2CO3 (1.73 g, 16.30 mmol) were
transferred into a 500 mL RB flask. Then120 mL Toluene, 25 mLmethanol and 25 mL of DI water were
charged in. The suspension was put under nitrogen and then heated to reflux overnight. The solution was
cooled to RT and reduced to very small amount. Then the residue was suspended water and extracted
with chloroform 3 times. The organic extracts were combined, dried over MgSO4, concentrated to give
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brown solid. Yield: 2.06 g, 99%.
1HNMR (300MHz, CDCl3, 298 K), δ: 8.37 (d, J = 7 Hz, 2H, Py-H), 7.92 (d, J = 3 Hz, 2 H, Py-H),
7.82 (s, 2H, Ar-H), 7.74 (dd, J = 7, 3 Hz, 2 H, Py-H), 7.48 (s, 2H, Ar-H), 2.84 (t, J = 8 Hz, 4H, nBu-CH2),
2.63 (s, 6H, Py-CH3), 1.81 – 1.66 (m, 4H, nBu-CH2), 1.51-1.36 (m, 4H, nBu-CH2), 0.98 (t, J = 7 Hz,
6H, nBu-CH3).
ESI-MS: m/z 495.3; calculated for [M+H]+, C32H35N2O3, 495.3.
2,8-dibutyl-4,6-di(pyridine-4-yl)-dibenzofuran di-N-Oxidewas synthesized in the same way except that
the workup procedure is much more simpler since the product precipitate out from the reaction solution,
which also conferred the final product high purity.
1HNMR (300MHz, CDCl3, 298 K), δ: 8.33 (d, J = 7 Hz, 4H, Py-H), 7.85 (s, 2H, Ar-H), 7.83 (d, J = 7
Hz, 4H, Py-H), 7.46 (s, 2H, Ar-H), 2.84 (t, J = 8 Hz, 4H, nBu-CH2), 1.81-1.67 (m, 4H, nBu-CH2),
1.51-1.37 (m, 4H, nBu-CH2), 0.98(t, J = 9 Hz, 6H, nBu-CH3).
13CNMR (75MHz, CDCl3, 298 K), δ: 139.45, 139.19, 134.26, 126.74, 125.16, 121.40, 120.66, 77.16,
35.76, 34.33, 22.50, 14.13.
ESI-MS: m/z 467.2; calculated for [M+H]+, C30H31N2O3, 467.2.
2,8-dibutyl-4,6-di(2-methyl-6-cyanopyridine-4-yl)-dibenzofuran
Synthesis was performed by following the adapted literature reported procedure.[26]
2,8-dibutyl-4,6-di(2-methylpyridine-4-yl)-dibenzofuran di-N-Oxide (2.0 g, 4.04 mmol) was suspended
in 40 mL of dry DCM in a 100 mL RB flask. The solution was put under nitrogen. Me3SiCN (5.4 mL,
40.4 mmol) was added via syringe. After stirring for 30 min, Me2NCOCl (3.7 mL, 40.4 mmol) was added
via syringe. The reaction was allowed to continue for 2 days. Dilute aqueous NaHCO3 was slowly added,
followed vigorous stirring for 10 minutes. Then organic layer was isolated, washed by dilute aqueous
NaHCO3, dried over NaSO4, concentrated to give brown oil. The crude product was dried under reduced
pressure to afford brown solid. Yield: 1.77 g, 85%.
1HNMR (300MHz, CDCl3, 298 K), δ: 8.01 (s, 2H, Py-H), 7.95 (s, 2H, Py-H), 7.90 (s, 2H, Ar-H),
7.50 (d, J = 2 Hz, 2H, Ar-H), 2.86 (t, J = 8 Hz, 4H, nBu-CH2), 2.75 (s, 6H, Py-CH3), 1.81-1.68 (m, 4H,
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nBu-CH2), 1.51 – 1.37 (m, 4H, nBu-CH2), 0.99 (t, J = 8 Hz, 6H, nBu-CH3).
ESI-MS: m/z 513.3; calculated for [M+H]+, C34H33N4O, 513.3.
2,8-dibutyl-4,6-di(2-cyanopyridine-4-yl)-dibenzofuranwas synthesized in the same way except that the
purity was much higher.
1HNMR (300MHz, CDCl3, 298 K), δ: 8.89 (d, J = 5 Hz, 2H, Py-H), 8.24 (s, 2H, Py-H), 8.10 (dd, J =
5, 2 Hz, 2H, Py-H), 7.92 (s, 2H, Ar-H), 7.55 (s, 2H, Ar-H), 2.88 (t, J = 8 Hz, 4H, nBu-CH2), 1.81 – 1.69
(m, 2H, nBu-CH2), 1.52-1.37 (m, 4H, nBu-CH2), 0.99 (t, J = 7 Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 152.1, 151.8, 145.3, 139.6, 134.9, 127.7, 127.3, 125.8, 125.3,
122.6, 120.3, 117.5, 35.8, 22.6, 14.2.
ESI-MS: m/z 485.2; calculated for [M+H]+, C32H29N4O, 485.2.
2,8-dibutyl-4,6-di(2-aminomethyl-6-methyl-pyridine-4-yl)-dibenzofuran
2,8-dibutyl-4,6-di(2-methyl-6-cyanopyridine-4-yl)-dibenzofuran (0.21 g, 0.41 mmol) was suspended
in 50 mL of Acetic acid. 10% Pd/C (0.21 g) was loaded and then the solution was put under 50 psi
hydrogen gas pressure. The solution was rocked for 2 days. The Pd/C was removed by filtering through a
short celite plug. The filtrate was concentrated to give small amount of residue. The residue was dissolved
in 1MHCl aqueous solution, and then washed with DCM.Then the acidic solution was basified by dilute
NaOH solution to pH equal to 11 before extraction with DCMwith the help of centrifugation. Organic
portions were combined, dried over NaSO4, concentrated to give brown semi-liquid. Yield: 0.07 g, 33%.
1HNMR (300MHz, CDCl3, 298 K), δ: 7.78 (s, 2H, Py-H), 7.60 (s, 2H, Py-H), 7.60 (s, 2H, Ar-H), 7.48
(s, 2H, Ar-H), 5.26 (s, 2H, NCH2), 4.02 (s, 2H, NCH2), 2.80 (t, J = 7 Hz, 4H, nBu-CH2), 2.63 (s, 6H,
Py-CH3), 1.78 – 1.61 (m, 4H, nBu-CH2), 1.49-1.33 (m, 4H, nBu-CH2), 0.96 (t, J = 7Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 162.0, 158.4, 152.3, 145.1, 138.5, 127.3, 125.1, 122.8, 120.9,
120.8, 117.6, 48.3, 35.8, 34,4, 24.9, 22.5, 14.1.
ESI-MS: m/z 521.3; calculated for [M+H]+, C34H41N4O, 521.3.
2,8-dibutyl-4,6-di(2-aminomethyl-pyridine-4-yl)-dibenzofuranwas synthesized in the same way except
that the purity was higher.
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1HNMR (300MHz, CDCl3, 298 K), δ: 8.69 (d, J = 5 Hz, 2H, Py-H), 7.85 (d, J = 5 Hz, 2H, Py-H), 7.84
(s, 2H, Ar-H), 7.76 (d, J = 5 Hz, 2H, Py-H), 7.53 (s, 2H, Ar-H), 4.13 (s, 4H, nBu-CH2), 2.85 (t, J = 8 Hz,
4H, nBu-CH2), 1.81 – 1.67 (m, 4H, nBu-CH2), 1.52-1.36 (m, 4H, nBu-CH2), 0.98 (t, J = 7 Hz, 6H,
nBu-CH2).
13CNMR (151MHz, CDCl3, 298 K), δ: 162.5, 152.3, 149.8, 144.8, 138.7, 127.3, 125.2, 122.5, 121.4,
121.2, 120.6, 48.1, 35.8, 34.4, 22.6, 14.2.
2,8-di-n-butyl-4,6-bis(2-bis(6-methyl-2-pyridylmethyl)aminomethyl-6-methyl-4-pyridyl)dibenzofuran
(nBuDBFMe111tpa)
Synthesis was performed by following an adapted procedure reported in literature.[27]
2,8-dibutyl-4,6-di(2-aminomethyl-6-methyl-pyridine-4-yl)-dibenzofuran (0.33 g, 0.634 mmol) was
dissolved into a 100 mL RB flask in 50 mL of dry DCM. NaBH(OAc)3 (0.40 g, 1.9 mmol) was added.
Then the solution was put under nitrogen. 6-methyl-2-pyridylaldehyde (0.177 g, 1.46 mmol) was
dissolved in 5 mL of DCM and then injected into the mixture slowly. The reaction was allowed overnight.
Then a second portion of NaBH(OAc)3 (0.40 g, 1.9 mmol) and 6-methyl-2-pyridylaldehyde (0.177 g,
1.46 mmol) were added to the reaction solution. After the addition the reaction was allowed for another
day. Saturated aqueous NaHCO3 solution was added and the mixture was stirred for 10 min. Then the
mixture was extracted with ethyl acetate for 3 times. The organic portions were combined, dried over
NaSO4, concentrated to give yellow semi-liquid. The crude product was eluted by 85:10:5 mixture of
DCM: isopropanol: NH4OH to afford brown solid foam. Yield: 0.38 g, 67%.
1HNMR (300MHz, CDCl3, 298 K), δ: 7.84-7.79 (m, 4H, Ar-H/ Py-H), 7.69 (s, 2H, Py-H), 7.48-7.41
(m, 10H, Ar-H/Py-H), 6.92 (d, J = 7Hz, 4H, Py-H), 3.96 (s, 4H, NCH2), 3.92(s, 8H, NCH2), 2.82(t, J =
8 Hz, 4H, nBu-CH2), 2.55 (s, 6H, Py-CH3), 2.46 (s, 12H, Py-CH3), 1.77-1.68 (m, 4H, nBu-CH2),
1.49-1.41 (m, 4H, nBu-CH2), 0.99 (t, J = 8Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 159.5, 159.0, 157.8, 157.6, 152.2, 144.6, 138.2, 136.5, 127.3,
125.0, 122.9, 121.4, 121.2, 120.6, 119.5, 118.5, 60.4, 35.7, 34.2, 24.8, 24.4, 22.4, 14.1.
ESI-MS of solution of nBuDBFMe111tpa, m/z 941.5615; calculated for [M+H]+, C62H69N8O,
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Figure 6.2.1: 1H NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(6-methyl-2-
pyridylmethyl)aminomethyl-6-methyl-4-pyridyl)dibenzofuran (nBu-DBF-Me111tpa) in CDCl3.
All other 3 anologues were synthesized with the same strategy using corresponding substrates.
nBuDBFMe100tpa
1HNMR (300MHz, CDCl3, 298 K), δ: 8.49 (d, J = 5 Hz, 4H, Py-H), 7.82 (s, 4H, Ar-H/ Py-H), 7.71
(s, 2H, Py-H), 7.58-7.56 (m, 8H, Ar-H/ Py-H), 7.47 (s, 2H, Ar-H), 7.09-7.04 (m, 4H, Py-H), 3.96 (s, 4H,
NCH2), 3.93 (s, 8H, NCH2), 2.83 (t, J = 8 Hz, 4H, nBu-CH2), 2.56 (s, 6H, Py-CH3), 1.73 (m, 4H,
nBu-CH2), 1.44 (m, 4H, nBu-CH2), 0.98 (t, J = 8 Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 159.5, 159.3, 158.1, 152.3, 149.2, 144.9, 138.4, 136.5, 127.6,
125.2, 123.1, 122.9, 122.1, 121,4, 120.8, 118.8, 60.2, 35.8, 34,4, 24.9, 22.6, 14.2.
ESI-MS, m/z 885.4994; calculated for [M+H]+, C58H61N8O, 885.4968.
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Figure 6.2.2: 13C NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(6-methyl-2-
pyridylmethyl)aminomethyl-6-methyl-4-pyridyl)dibenzofuran (nBu-DBF-Me111tpa) in CDCl3.
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Figure 6.2.3: 1H NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(2-pyridylmethyl)aminomethyl-6-
methyl-4-pyridyl)dibenzofuran (nBu-DBF-Me111tpa) in CDCl3.
nBuDBFtpa
1HNMR (300MHz, CDCl3, 298 K), δ: 8.56 (d, J = 5 Hz, 2H, Py-H), 8.50-8.48 (m, 4H, Py-H), 7.98 (s,
2H, Ar-H), 7.84 (s, 2H, Py-H), 7.78 (dd, J = 5, 2 Hz, 2H, Py-H), 7.59-7.56 (m, 8H, Py-H), 7.49 (d, J = 2
Hz, 2H, Ar-H), 7.09-7.06 (m, 4H, Py-H), 3.98 (s, 4H, NCH2), 3.94 (s, 8H, NCH2), 2.85 (t, J = 8 Hz 4H,
nBu-CH2), 1.74 (m, 4H, nBu-CH2), 1.45 (m, 4H, nBu-CH2), 0.99 (t, J = 8 Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 159.9, 159.5, 152.4, 149.6, 149.3, 144.4, 138.6, 136.5, 127.5,
125.2, 123.2, 122.7, 122.1, 121.8, 121.0, 60.3, 35.9, 34.4, 22.6, 14.2.
ESI-MS, m/z 857.4688; calculated for [M+H]+, C56H57N8O, 857.4655.
nBuDBFMe011tpa
1HNMR (300MHz, CDCl3, 298 K), δ: 8.53 (d, J = 5 Hz, 2H, Py-H), 7.96 (s, 2H, Ar-H), 7.83 (d, J = 2
Hz, 2H, Py-H ), 7.75 (dd, J = 5, 2 Hz, 2H, Py-H), 7.49-7.41 (m, 10H, Ar-H/Py-H), 6.91 (dd, J = 5, 2 Hz,
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Figure 6.2.4: 13C NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(2-pyridylmethyl)aminomethyl-6-
methyl-4-pyridyl)dibenzofuran (nBu-DBF-Me100tpa) in CDCl3.
4H, Py-H), 3.97 (s, 4H, NCH2), 3.90 (s, 8H, NCH2), 2.82 (t, J = 8 Hz 4H, nBu-CH2), 2.44 (s, 6H,
Py-CH3), 1.73 (m, 4H, nBu-CH2), 1.44 (m, 4H, nBu-CH2), 0.98 (t, J = 8 Hz, 6H, nBu-CH3).
13CNMR (151MHz, CDCl3, 298 K), δ: 160.0, 158.9, 157.6, 152.2, 149.3, 144.2, 138.4, 136.6, 127.2,
125.0, 122.6, 121.9, 121.6, 121.4, 120.8, 119.7, 60.5, 60.3, 35.7, 34.2, 24.4, 22.4, 14.1.
ESI-MS, m/z 913.5272; calculated for [M+H]+, C60H65N8O, 913.5276.
Complexes synthesis
Synthesis of [nBuDBFtpa(CoCl)?](ClO?)?. nBuDBFtpa (15 mg, 0.0175 mmol) was dissolved in 3 mL of
dry MeOH.Then the solution was degassed and refilled with N2. CoCl26H2O (8.3 mg, 0.035 mmol)
was dissolved into 0.5 mL of dry MeOH then degassed and refilled with N2. The CoCl2 solution was
injected into the ligand solution by syringe and the final solution was stirred for 0.5 hrs. NaClO4 (21.4
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Figure 6.2.5: 1H NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(2-pyridylmethyl)aminomethyl-4-
pyridyl)dibenzofuran (nBu-DBF-Me000tpa) in CDCl3.
mg, 0.175 mmol, 10 equiv.) was dissolved in 1 mL of dry MeOH, followed by injection into the reaction
solution. Green precipitate formed instantly and the solution was stirred for another 1 h before the
precipitate was collected by suction filtration. The precipitate was dried under vacuum to afford green
powder (12.7 mg, 0.010 mmol, 57%).
1HNMR (300MHz, CD3CN, 298 K), δ: 135.4 (6H, py-H6), 108.2 (8H, NCH2), 106.8 (4H, NCH2),
61.3 (4H, py-H5), 59.9 (2H, py-H5), 47.6 (4H, py-H3), 44.3(2H, py-H3), 6.1 (2H, DBF-H1), 5.8 (2H,
DBF-H3), 2.2 (4H, nBu-CH2), 1.3 (4H, nBu-CH2), 1.0 (4H, nBu-CH2), 0.7 (6H, nBu-CH3), -2.9 (4 H,
py-H4). Uv-vis : λ( ε): 782 (62), 637 (230, shoulder), 616 (302), 489 (414), 298 (2284), 246 (3836).
ESI-MS of solution of nBuDBFMetpaCo(II)2Cl2, m/z 522.1330; calculated for [M]2+,
C56H56Cl2Co2N8O, 522.1309.
Anal. Found: C, 54.69; H, 5.07; N, 8.13; Calcd for
[nBuDBFtpa(CoCl)2](ClO4)2CH3CH2OCH2CH3 (C60H66Cl4Co2N8O10): C, 54.64; H, 5.04; N, 8.50.
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Figure 6.2.6: 13C NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(2-pyridylmethyl)aminomethyl-4-
pyridyl)dibenzofuran (nBu-DBF-Me000tpa) in CDCl3.
EvansMethod: The effective magnetic momentum is 6.07, which corresponds to 5 unpaired electrons
(theoretical value is 6).
[nBuDBFtpa(CuOAc)2](ClO4)2. nBuDBFtpa (15 mg, 0.0175 mmol) was dissolved in 3 mL of dry
MeOH.Then the solution was degassed and refilled with N2. Cu(OAc)24H2O (7.0 mg, 0.035 mmol)
was dissolved into 0.5 mL of dry MeOH then degassed and refilled with N2. The Cu(OAc)2 solution was
injected into the ligand solution by syringe and the final solution was stirred for 0.5 hrs. NaClO4 (21.4 mg,
0.175 mmol, 10 equiv.) was dissolved in 1 mL of dry MeOH then was injected into the reaction solution.
Green ppt formed instantly and the solution was stirred for another 1 h before the ppt was collected by
suction filtration. The ppt was dried under vacuum to afford green powder (6.3 mg, 0.0048mmol, 27.4%).
UV-Vis, λmax, nm (", M-1cm-1), MeCN: 870 (406), 690 (225), 340 (11276), 290 (27734), 254
(41718).
IR: νC=N = 1613 cm-1. νC-O of OAc: νas =1574 ,νs =1329 (Ref: 1595 vs 1314). νCl-O : 1089.
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Figure 6.2.7: 1H NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(6-methyl-2-
pyridylmethyl)aminomethyl-4-pyridyl)dibenzofuran (nBu-DBF-Me011tpa) in CDCl3.
Anal. Found: C, 55.39; H, 5.63; N, 7.80; Calcd for
[nBuDBFtpa(CuOAc)2](ClO4)2CH3CH2OCH2CH3CH3OH: (C65H76Cl2Cu2N8O15): C, 55.47; H,
5.44; N, 7.96.
Preparation of nBuDBFtpa(NiCl)?(ClO?)?.
nBuDBFtpa (20 mg, 0.023 mmol) was dissolved in 1 mL of dry MeOH.Then the solution was
degassed and refilled with N2. NiCl26H2O (10.9 mg, 0.046 mmol) was dissolved in 1 mL of MeOH and
the solution was degassed and refilled with N2. The ligand solution was injected into the NiCl2 solution
by syringe and the final green solution was stirred for 1 hour. LiClO4 (24.5 mg, 0.23 mmol, 10 equiv.) in 2
mL of dry MeOHwas injected into the reaction solution. After stirring for about 10 minutes, the cloudy
solution was reduced to 1 mL, followed by filtration to remove the brown yellow precipitate. Green
precipitate was obtained by ether addition into the filtrate, which was collected by suction filtration and
dried under vacuum (14.5 mg, 0.0139 mmol, 60.3%). Crystals were obtained by ether diffusion into the
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Figure 6.2.8: 13C NMR spectrum of 2,8-di-n-butyl-4,6-bis(2-bis(6-methyl-2-
pyridylmethyl)aminomethyl-4-pyridyl)dibenzofuran (nBu-DBF-Me011tpa) in CDCl3.
product solution in acetonitrile with acid.
Anal. Found: C, 53.30; H, 5.31; N, 8.16; Calcd for
[nBuDBFtpa(NiCl)2](ClO4)2CH3CH2OCH2CH3(H2O)2: (C60H70Cl4N8Ni2O12): C, 53.21; H,
5.21; N, 8.27.
ESI-MS of solution of nBuDBFMetpaNi(II)2Cl2, m/z 522.1325; calculated for [M]2+,
C56H56Cl2Ni2N8O, 522.1308.
X-Ray structure determinations
Crystals of appropriate dimension were mounted on aMitgen cryoloops in a random orientation.
Preliminary examination and data collection were performed using a Bruker Kappa Apex II Charge
Coupled Device (CCD) Detector system single crystal X-Ray diffractometer equipped with an Oxford
Cryostream LT device. All data were collected using graphite monochromatedMo Kα radiation (λ=
182
0.71073 Å) from a fine focus sealed tube X-Ray source. Preliminary unit cell constants were determined
with a set of 36 narrow frame scans. Typical data sets consist of combinations of ω and φ scan frames with
typical scan width of 0.5  and counting time of 15-30 seconds/frame at a crystal to detector distance of
3.5 cm. The collected frames were integrated using an orientation matrix determined from the narrow
frame scans. Apex II and SAINT software packages[28] were used for data collection and data
integration. Final cell constants were determined by global refinement of xyz centroids of reflections from
the complete data set. Collected data were corrected for systematic errors using SADABS[28] based on
the Laue symmetry using equivalent reflections. Structure solution and refinement were carried out using
the SHELXTL- PLUS software package.[29] Full matrix least-squares refinement was carried out by
minimizing Σw(Fo2-Fc2)2. The non-hydrogen atoms were refined anisotropically to convergence. All
hydrogen atoms were treated using appropriate riding model (AFIXm3).
Acknowledgement: Funding from the National Science Foundation (MRI, CHE-0420497) for the
purchase of the ApexII diffractometer is acknowledged.
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Figure 6.2.10: ORTEP diagram of nBuDBFtpa(Cu-OAc)2. Selected bond distances (Å) are:
Cu(1)-O(2) 1.917(3); Cu(1)-N(2) 2.034(3); Cu(1)-N(1) 2.045(3); Cu(1)-N(4) 2.052(3); Cu(1)-N(3)
2.114(3); Cu(1)…Cu(2) 7.979.
Figure 6.2.9: ORTEP diagram of nBuDBFtpa(Co-Cl)2. Selected bond distances (Å) are: Co(1)-N(2)
2.035(6); Co(1)-N(3) 2.056(5); Co(1)-N(1) 2.057(5); Co(1)-N(4) 2.210(4); Co(1)-Cl(1) 2.2742(17);
Co(1)…Co(2) 7.702.
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Figure 6.2.11: ORTEP diagram of nBuDBFtpa(Ni-Cl)2. Selected bond distances (Å) and angles ()
are: Ni(1)-Ni(2) 3.480; Cl1-Cl2 3.409; Ni(1)-Ni(2i) 8.292; Average Ni-Cl: 2.439; Angles: Cl1-Ni2-Cl2
88.80; Ni1-Cl1-Ni2 90.80. Note: nBu groups on the dibenzofuran are omitted for clarity.
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6.3 Results andDiscussion
6.3.1 Synthesis of ligands
The synthesis starts from the commercially available dibenzofuran and was shown in Scheme 6.1 on page
169. The Suzuki coupling reaction installs a pyridine N-oxide ring on each side of the dibenzofuran. Then
the pyridine N-oxide ring was cyanated at the 2 position. The resulted CN group was then converted to
amine by hydrogenation reaction. A reductive elimination reaction joins the amine with 4 eq of aldehyde
into the final ligand. To synthesize different analogs of the final ligand, simply selecting the appropriate
pyridine molecule at step 5 and the aldehyde at step 8 will afford the desired final ligands. We installed the
nBu group on the dibenzofuran before the Suzuki coupling is to increase its solubility in organic solents,
which will be a key issue in the hydrogenation reaction.
Alternatively, the nitrile after step 6 can also be reduced to carboxylic acid, which can be converted to
methyl ester, then reduced to aldehyde. The aldehyde can be used to join with two molecules of
di(pyridylmethyl) amine to afford the final ligand. This route adds more variations to the final ligand
since the di(pyridylmethyl) amine could potentially be asymmetric. The disadvantage is it adds two extra
synthetic steps, which further lowers the overall yield.
The final ligand nBuDBFMennntpa were confirmed by High Res ESI-MS, as well as NMR.The 1H and
13CNMRwere assigned based on the HMQC.
6.3.2 Synthesis of complexes
Bearing in mind that bis(µ-OH) substrcure could be obtained by OH exchange with bis(µ-Cl), and
bis(µ-Cl) is much easier to make according to our experiences, we set out to make nBuDBFtpa(M-Cl).
The crystal structures of nBuDBFtpa(Co-Cl)2 (Figure 6.2.9 on page 184) indicated that the two metal
center did not communicate. Each metal center is a trigonal bipyrimidal geometry (τ = 1.033), with three
pyridine N in the basal plane and the amino N and Cl at the axial postion. The Co-Co distance was
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measured to be 7.702 Å. Analogous structure containing bisCo(µ-X) (X= any atom) substructure was not
found in literature, likely due to the fact that Co does not favor such structure. So no comparison could be
made. However, direct comparison can be done with the copper and nickel complexes. The crystal
structure of nBuDBFtpa(CuOAc)2 (Figure 6.2.10 on page 184) is very similar to that of
nBuDBFtpa(CoCl)2 in terms of the geometry. Themetal center assumes the trigonal bipyrimidal
geometry (τ = 0.994). The Cu-Cu distance was measured to be 7.979 Å, which is much larger than the
Cu-Cu distance in the bis(µ-O) substructure (2.936 – 3.60 Å) in literature.[4, 30, 31]The crystal
structure of (L(NiCl)2)2 (Figure 6.2.11 on page 185) is very intriguing and informative. It can be
regarded as the dimer of two molecules of L(NiCl)2, which were bridged by the bis(µ-Cl) substructure.
TheNi-Ni distance in the bis(µ-Cl) core structure was measured to be 3.480 Å, which is comparable to
the literature [2] reported Ni-Ni distance in (tpa(Ni-Cl))2 (3.59 Å). As a comparison, the Ni-Ni distance
within the same molecule was measured to be 8.292 Å.
The three crystal structures, especially the last one, strongly suggested that, the two metal centers are
held too far away from each other by the rigid ligand. Since the distance between the metal centers is
much larger than what is required to form a bridging structure, the twometal centers do not communicate
as we expected. We attribute the rigidity of the ligand to the orientation of the backbone and its sp2
bonds, as shown in Figure 6.3.4 on page 191 . With the help of the simplified model in Figure 6.3.4 on
page 191, we can easily infer the expectedM-M distance. The estimated values agree with the
experimental data within 5% error. This also holds true for the XanthaneTPA(M-Cl)2 case.
6.3.3 Computational study
To verify our rationalization, we attempted the DFT calculation for the nBuDBFtpa(Co-Cl)2. The results
indicated that the energy barrier to bring two metals in close proximity increases tremendously as M-M
distance decreases. If the two metal centers are brought to close enough to form the Cl bridge ( 3.5 Å),
the energy barrier is 24.9 kCal, which is significant., even that it is smaller than the energy barrier of a
similar study reported in literature. [32]
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To investigate the reason why the μ-oxo structure did not form, a computational study was carried out
on ub3lyp level with the basis set of 6-31g(d). A relaxed scan of theM-M distance was performed with
M-M fixed while allowing all other parameters to relax. The calculated free energy in reference to that of
the starting structure was plotted against the Co-Co distances (Figure 6.3.1). It was found that the free
energy increased exponentially whenM-M distance is decreased.
It is noteworthy that in the starting structure the two side arms are pointing toward the same direction,
rather that pointing inward toward each other as we expected (Figure 6.3.2 on the next page). When the
Co-Co distance is decreased, the two side arms are still facing toward the same direction. The significant
steric repulsion may be responsible for the high free energy (99.93 kcal/mol).
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Figure 6.3.1: ΔG profile vs. Co-Co distance. Free energy is in reference to the starting structure (0.0
kcal/mol).
It would be reasonable to think that the steric repulsion could be reduced if we can rotate one of the
outward arm inward, so that the two side arms will face each other. This will afford a structure which
allow the bis μ-oxo motif. The calculation was hence performed with a pre-configured structure and the
results were shown in Figure 6.3.3 on page 190. When the Co-Co distance is beyond a range which can
allow a bis μ-oxo motif, the chloride ions are bonded to Co as a monodentate ligand, as reflected by the
Co-Cl distances in left figure of Figure 6.3.3 on page 190. When the Co-Co distance is close enough, the
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expected bis μ-oxo motif was observed (right of Figure 6.3.3 on the following page), although the free
energy is quite significant (24.9 kcal/mol).
Figure 6.3.2: Optimized structures starting from crystal structure (Co-Co distances: 8.81 Å) (left)
and, the re-optimized structure with fixed Co-Co bond distance of 4.61 Å starting from the left struc-
ture (right). Note: No rotation of the tpa motif is enforced.
The three crystal structures obtained all pointed to one feature: if we draw a line running from C1
through C4 on the dibenzofuran ring, and then extend forward (or equivalently draw the line from C9 to
C6 and extend forward), this line will run across the coordinated metal with minor offset. In other words,
the rigid structure has dictated the co-linearity of the C1-C4-Cpy-Npy-Metal, as shown in Figure 6.3.4 on
page 191. This was largely due to that C1, C4, Cpy are all of sp2 hybridization, which will confine the
direction of their freedom. Above all, the M-M distance was predetermined by the diverging orientation
of the backbone molecule, the dibenzofuran.
With this observation, we can estimate theM-M distance with a simplified geometric model, as shown
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Figure 6.3.3: Optimized structure starting from a pre-configured structure with Co-Co distance of
4.70 Å(left) and 3.50 Å(right). The pre-configured structure was constructed such that two side arms
are facing toward each other. The free energy are 18.9 kcal/mol and 24.9 kcal/mol, respectively.
Note: Rotation of one of the tpa motif is enforced so that the two tpa motif are pointing toward each
other.
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below. The predictedM-M distances are in good accordance with the experimentally obtained bond
distances in X-ray structures. For example: M-M distance with dibenzofuran and Xanthene were
estimated to be 7.60-8.40Å and 3.46-3.82 Å, respectively, which are fairly close to that observed in X-Ray
structure.
O
N NN
N
N
N
N
N
C4H9 C4H9
Co Co
Cl
Cl
Angle C-N-Co=170.8; 177.5
The C1-C4-Cpy-Npy-Co are nearly linear.
B
T
T '
S
S'
Here T' = C1-C9
         T = N-N;
         B = M-M
Knowing T' and T 
from the ligand 
structure, then: 
B = T + S*cosα
    = Τ + S*(T-T')/(S'-S)
Some approximation:
Diagonal of Phenyl : 2.8
                   Pyridine: 2.79
C-C: 1.49
N-M: 2.0
A simple model to predict the M-M distances
Figure 6.3.4: Schematic drawing showing that the Metal-Metal distance was pre-determined by the
ligand backbone: Chemdraw representation of the crystal structure of nBuDBFtpa(Co-Cl) (left); Sim-
plified model to predict Metal-Metal distances (right).
As a contrast, the inwardly oriented backbone molecule, xanthene, should bring the two metals closer,
which was indeed the case as in di-tBu-Xanthene-tpa.
To ascertain if our perception on this ligand was correct, we set out to make nBuDBFtpa bimetallic
complexes with bigger dicarboxylate molecules as bridging ligands. We have tried oxalate, fumarate,
isophthalate, terephathate, all of which are of increasing sizes. It turned out that, except for oxalate, all the
other three dicarboxylate ions have been found to be included into the final complexes based on ESI-MS
data. Unfortunately no crystals were obtained for any of these complexes.
Computational study also is very informative. Starting from a structure with two side arms pointing
toward each other, an minimum energy structure was found with the fixed Co-Co distance, with an free
energy of 24.9 kcal/mol. In contrast, if the scan starts from the crystal structure, the final optimized
structure was much more unstable (99.93 kcal/mol) and the two side arms are pointing toward the same
direction, which does not allow the formation of bis μ-oxo motif. Although the 24.9 kcal/mol energy is
lower than a similar study reported by Nocera (55 kcal/mol),[32] it is still prohibitively high for the
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structure to be stable at RT.
6.4 Conclusion
Due to the rigidity and orientation of the ligand backbone, the two metal centers are positioned too far
away so that no small bridging ligands could bridge them together. This was proved by the formation of
the dimeric structure of nBuDBFtpa(NiCl)2, as well as the DFT calculations. Also the monomeric X-ray
structures all manifested fairly longM-M distances ranging from 7.702 Å for nBuDBFtpaCoCl, to 8.292 Å
for (nBuDBFNiCl)2, which are obviously beyond the reach of small bridging ligands such as Cl, OAc, etc.
The computational study also confirmed that the free energy of the expected structure was prohibitively
high, due to the significant structural deformation. Above all, the nBuDBFtpa ligands are not good
candidates for bringing two metals in close proximity, which is the precondition for the two metal centers
to cooperate. Ligand rigidity and orientation should be considered if such complexes are to be pursued in
future. Computational study as well as the proposed simple geometric model will be of great help to
screen potential ligands of this purpose.
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Don’t part with your illusions. When they are gone you may
still exist, but you have ceased to live.
Mark Twain, American writer.
7
FutureDirections
7.1 Dinuclear catalysit design forwater oxidation
Our initial approach is to make the bimetallic complexes for water oxidation catalysis, by building a
dinucleating ligand with two multidentate ligand motifs (e.g.: tripyridylmethylamine, tpa) jointed by a
rigid linker molecule. The desired linker molecule should hold the two multidentate ligands (tpa) in close
proximity. Such linker molecules should feature appropriate rigidity as well as appropriate size and
orientation. Initially, the linker ligands of our interest include: dibenzofuran, anthracene as well as
xanthene. My research has proved dibenzofuran was unable to bring the two tpa motifs into desired range
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since no intramolecular bis-µ(X) bridging substructure was observed for any of the metal complexes.
Interestingly, one intermolecular bis-µ(X) bridging substructure was observed for the dimer of
nBuDBFtpa(Ni-Cl)2. The following computational study confirmed that the energy barrier of forming
the desired intramolecular bis-µ(X) bridging substructure was prohibitively high.
In future studies, we should take more advantage of this powerful tool to screen the ligands candidates
for our purpose. For example, we can do the energy surface scan for each of the potential candidate
ligands to find out the energy barrier in order to assume the expected structure. Then we pursue those
which are promising. Another future direction could be to take advantage of the macrocyclic multidentate
ligand. For example, we can connect the two multidentate motifs with two linkers to make a macrocyclic
ligand. By careful selection of the two linker ligands, we can control the final metal-metal distance.
7.2 TheMe3tacnPd(CH2CMe2C6H4) project
In my research of the palladacycle stabilized by tridentate ligand (Me3tacn), it was found that the
C-halide bond formation were not observed thermally. On the other hand, the C-O reductive elimination
from PdIV was observed. A Computational study was conducted and it was found the transition energy
(enthalpy of activation) was significantly higher for C-F reductive elimination than that of C-O. In future
study we can modify the ligand in many ways, then revisit the transition states computatinally to see how
the enthalpy of activation will be changed. A lower enthalpy of activation will indicate higher likelihood
for reaction to occur. For example, we suspected the five coordinate intermediate was not easily accessible
for theMe3tacnPdIV(F)(CH2CMe2C6H4) due to the strong coordination of the three nitrogen, which
according to the literature is the prerequisite for the facile C-F reductive elimination from a PdIV
center.[13, 14]Then the rational modification will be to weaken the chelating ability of Me3tacn ligand.
One way to achieve this is to install either a bulky or electro-withdrawing (or both) substituent onto one
or two of the nitrogen (see Scheme 7.1 on page 199). The available candidate groups could be tosyl,
triflate, boc, acetate, etc. It will be unrealistic and super time-consuming if we have to try them one by one
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experimentally. Here the computational tool will be of great advantage. We can calculate and compare the
enthalpy of activation for each of the potential ligands. Then we can investigate the most promising ligand
experimentally.
NN
N
FG
FG = Tosyl, Triflate, TFA, Boc, acetate, etc
Scheme 7.1: Proposed modification onto the tacn ligand.
Another future direction worth pursuing is the oxidatively induced C-X (X = heteroatom) formation
from theMe3tacnPd(CH2CMe2C6H4) system, as shown in Scheme 7.2 on page 199. The oxidant we can
use can be O2, or any other non coordination oxidant (such as Fc+), or even electrochemical oxidation. A
+
N
N
N
PdIV
X
N
N
N
PdII
[O]
X-
X or
X
[O] = O2, Fc+, etc
Scheme 7.2: Proposed oxidatively induced C-X bond formation.
interesting structure was obtained when theMe3tacnPd(CH2CMe2C6H4) was oxidized by 2 eq of Fc+
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under nitrogen, followed by excess amount of NaH (see Scheme 7.3 on page 200). A unstable
intermediate was observed when 2 eq of Fc+ was added. Then the intermediate was converted to the air
stable [Me3tacnPdIV(CD2CN)(CH2CMe2C6H4)]+ upon addition of NaH.We think the final product
result from the deprotonation of the CD3CN. My hypothesis is, if we add some good coordinating ligand
X (such as halide or pseudo halide) instead of NaH right after the oxidation occurs, we would expect
Me3tacnPdIV(X)(CH2CMe2C6H4). Similarly we can try to use oxygen instead of Fc+, the only
precaution is this experiment has to be done under stringently dry condition, since trace amount of water
is sufficient to lead the reaction to [Me3tacnPdIV(OH)(CH2CMe2C6H4)]+. The resulting
[Me3tacnPdIV(X)(CH2CMe2C6H4)]+ can be used to investigate their C-X bond formation chemistry.
+
N
N
N
PdIV
CD2CN
N
N
N
PdII
CD3CN
2 Fc+, NaH
X-Ray, ESI-MS
Scheme 7.3: Formation of Me3tacnPdIV(CD2CN)(CH2CMe2C6H4).
In order to develop a catalytic reaction instead of a stoichiometric reaction, we have to replace the
dihydrocarbyl palladacycle with other ligand. For example, some chelate ligand (such as 2-phenyl
pyridine, etc) will be the ideal choice. The Sanford group has contributed many good examples in this
respect.[1, 13, 15–22]
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Table D-1.  Crystal data and structure refinement for lm24710. 
Identification code  l24710t5/lt/QFR-012-NB4-pp38 
Empirical formula  C21 H31 Cl2 N4 O4 Pd 
Formula weight  580.80 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 13.7580(12) Å α = 90°. 
 b = 10.9028(9) Å β = 102.449(5)°. 
 c = 15.9177(13) Å γ = 90°. 
Volume 2331.5(3) Å3 
Z 4 
Density (calculated) 1.655 Mg/m3 
Absorption coefficient 1.061 mm-1 
F(000) 1188 
Crystal size 0.36 x 0.16 x 0.08 mm3 
Theta range for data collection 2.28 to 30.64°. 
Index ranges -19≤h≤19, 0≤k≤15, 0≤l≤22 
Reflections collected 126816 
Independent reflections 7137 [R(int) = 0.055] 
Completeness to theta = 25.00° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9228 and 0.7038 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7137 / 15 / 323 
Goodness-of-fit on F2 1.134 
Final R indices [I>2sigma(I)] R1 = 0.0376, wR2 = 0.0745 
R indices (all data) R1 = 0.0494, wR2 = 0.0806 
Largest diff. peak and hole 0.978 and -0.855 e.Å-3 
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Table D-2.   Bond lengths [Å] for lm24710. 
Pd(1)-C(1)  2.036(3) 
Pd(1)-N(2)  2.067(3) 
Pd(1)-N(1)  2.120(3) 
Pd(1)-N(3)  2.355(3) 
Pd(1)-Cl(1)  2.3712(9) 
Pd(1)-N(4)  2.394(3) 
Cl(2)-O(1)  1.405(3) 
Cl(2)-O(3)  1.413(4) 
Cl(2)-O(2)  1.415(4) 
Cl(2)-O(2')  1.418(4) 
Cl(2)-O(3')  1.421(4) 
Cl(2)-O(4)  1.423(4) 
Cl(2)-O(4')  1.424(4) 
N(1)-C(2)  1.335(4) 
N(1)-C(6)  1.340(4) 
N(2)-C(9)  1.334(4) 
N(2)-C(13)  1.337(4) 
N(3)-C(8)  1.491(4) 
N(3)-C(7)  1.495(4) 
N(3)-C(16)  1.506(4) 
N(4)-C(15)  1.477(4) 
N(4)-C(14)  1.479(4) 
N(4)-C(19)  1.507(4) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-C(3)  1.387(4) 
C(2)-C(15)  1.507(5) 
C(3)-C(4)  1.382(5) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.390(5) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.378(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.507(4) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.491(5) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(10)  1.389(5) 
C(10)-C(11)  1.385(6) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.381(5) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.386(4) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.507(5) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-C(17)  1.526(5) 
C(16)-C(18)  1.527(6) 
C(16)-H(16)  1.0000 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(20)  1.498(5) 
C(19)-C(21)  1.524(5) 
C(19)-H(19)  1.0000 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
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Projection view of [2+]ClO4 with 50% thermal ellipsoids. 
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Table D-3.  Crystal data and structure refinement for lm6211. 
Identification code  l6211/lt/Fengrui 
Empirical formula  C46 H71 Cl2 N9 O8 Pd2 
Formula weight  1161.82 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 13.8856(8) Å α = 90°. 
 b = 15.1803(8) Å β = 92.908(3)°. 
 c = 24.4154(13) Å γ = 90°. 
Volume 5139.8(5) Å3 
Z 4 
Density (calculated) 1.501 Mg/m3 
Absorption coefficient 0.863 mm-1 
F(000) 2400 
Crystal size 0.23 x 0.20 x 0.11 mm3 
Theta range for data collection 1.73 to 27.62°. 
Index ranges -18≤h≤18, -19≤k≤19, -31≤l≤31 
Reflections collected 203474 
Independent reflections 11895 [R(int) = 0.0597] 
Completeness to theta = 25.00° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9081 and 0.8256 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11895 / 32 / 634 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0412, wR2 = 0.1059 
R indices (all data) R1 = 0.0584, wR2 = 0.1201 
Largest diff. peak and hole 2.096 and -0.881 e.Å-3 
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Table D-4.   Bond lengths [Å] and for lm6211. 
Pd(1)-C(1)  2.033(4) 
Pd(1)-C(2)  2.042(4) 
Pd(1)-N(2)  2.132(3) 
Pd(1)-N(1)  2.165(3) 
Pd(1)-N(3)  2.429(3) 
Pd(1)-N(4)  2.452(3) 
Pd(2)-C(4)  2.052(4) 
Pd(2)-C(3)  2.065(4) 
Pd(2)-N(6)  2.126(3) 
Pd(2)-N(5)  2.126(3) 
Pd(2)-N(7)  2.399(3) 
Pd(2)-N(8)  2.402(3) 
N(1)-C(9)  1.336(5) 
N(1)-C(5)  1.341(5) 
N(2)-C(16)  1.339(5) 
N(2)-C(12)  1.348(5) 
N(3)-C(11)  1.483(5) 
N(3)-C(10)  1.484(5) 
N(3)-C(19)  1.501(5) 
N(4)-C(18)  1.480(5) 
N(4)-C(17)  1.485(5) 
N(4)-C(20)  1.505(5) 
N(5)-C(29)  1.336(5) 
N(5)-C(25)  1.340(5) 
N(6)-C(36)  1.338(5) 
N(6)-C(32)  1.341(5) 
N(7)-C(31)  1.482(5) 
N(7)-C(30)  1.483(5) 
N(7)-C(39)  1.509(5) 
N(8)-C(38)  1.479(5) 
N(8)-C(37)  1.484(6) 
N(8)-C(42)  1.502(5) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(3)-H(3C)  0.9800 
C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
C(4)-H(4C)  0.9800 
C(5)-C(6)  1.386(5) 
C(5)-C(18)  1.499(5) 
C(6)-C(7)  1.377(6) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.376(6) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.392(6) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.496(6) 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(11)-C(12)  1.508(5) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-C(13)  1.378(5) 
C(13)-C(14)  1.382(6) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.380(6) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.383(5) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.501(6) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(22)  1.518(6) 
C(19)-C(21)  1.519(7) 
C(19)-H(19)  1.0000 
C(20)-C(23)  1.501(7) 
C(20)-C(24)  1.526(6) 
C(20)-H(20)  1.0000 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-H(23A)  0.9800 
C(23)-H(23B)  0.9800 
C(23)-H(23C)  0.9800 
C(24)-H(24A)  0.9800 
C(24)-H(24B)  0.9800 
C(24)-H(24C)  0.9800 
C(25)-C(26)  1.381(5) 
C(25)-C(38)  1.508(5) 
C(26)-C(27)  1.384(5) 
C(26)-H(26)  0.9500 
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C(27)-C(28)  1.379(6) 
C(27)-H(27)  0.9500 
C(28)-C(29)  1.385(5) 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.502(5) 
C(30)-H(30A)  0.9900 
C(30)-H(30B)  0.9900 
C(31)-C(32)  1.505(5) 
C(31)-H(31A)  0.9900 
C(31)-H(31B)  0.9900 
C(32)-C(33)  1.383(5) 
C(33)-C(34)  1.384(6) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.382(6) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.377(6) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.510(6) 
C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(38)-H(38A)  0.9900 
C(38)-H(38B)  0.9900 
C(39)-C(41)  1.510(6) 
C(39)-C(40)  1.524(6) 
C(39)-H(39)  1.0000 
C(40)-H(40A)  0.9800 
C(40)-H(40B)  0.9800 
C(40)-H(40C)  0.9800 
C(41)-H(41A)  0.9800 
C(41)-H(41B)  0.9800 
C(41)-H(41C)  0.9800 
C(42)-C(43)  1.509(7) 
C(42)-C(44)  1.529(6) 
C(42)-H(42)  1.0000 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
C(43)-H(43C)  0.9800 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
Cl(1)-O(3)  1.417(3) 
Cl(1)-O(1)  1.422(4) 
Cl(1)-O(1')  1.432(5) 
Cl(1)-O(2)  1.434(4) 
Cl(1)-O(2')  1.436(5) 
Cl(1)-O(4)  1.445(3) 
Cl(2)-O(5)  1.467(3) 
Cl(2)-O(6)  1.471(3) 
Cl(2)-O(8)  1.480(3) 
Cl(2)-O(7)  1.505(4) 
Cl(2)-O(9)  1.508(4) 
Cl(2)-O(10)  1.511(4) 
N(1S)-C(1S)  1.113(6) 
C(1S)-C(2S)  1.460(8) 
C(2S)-H(2S1)  0.9800 
C(2S)-H(2S2)  0.9800 
C(2S)-H(2S3)  0.9800 
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Projection view of [4+]ClO4 with 50% thermal ellipsoids-disorder atoms and H atoms omitted. 
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Table D-5.  Crystal data and structure refinement for lm14311. 
Identification code  l14311/Fengrui/iPrN4Pd(IV)pp11 
Empirical formula  C22 H34 F12 N4 P2 Pd 
Formula weight  750.87 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 10.0272(13) Å α = 90°. 
 b = 18.844(2) Å β = 90.694(7)°. 
 c = 15.044(2) Å γ = 90°. 
Volume 2842.4(6) Å3 
Z 4 
Density (calculated) 1.755 Mg/m3 
Absorption coefficient 0.866 mm-1 
F(000) 1512 
Crystal size 0.33 x 0.17 x 0.13 mm3 
Theta range for data collection 1.73 to 25.34°. 
Index ranges -12≤h≤12, -23≤k≤23, -15≤=l≤18 
Reflections collected 39782 
Independent reflections 5197 [R(int) = 0.0621] 
Completeness to theta = 25.34° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8980 and 0.7632 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5197 / 154 / 360 
Goodness-of-fit on F2 1.116 
Final R indices [I>2sigma(I)] R1 = 0.0908, wR2 = 0.2179 
R indices (all data) R1 = 0.1092, wR2 = 0.2278 
Largest diff. peak and hole 1.465 and -1.150 e.Å-3 
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Table D-6.   Bond lengths [Å] and angles [°] for lm14311. 
_____________________________________________________  
Pd(1)-C(2)  2.028(11) 
Pd(1)-N(1)  2.034(9) 
Pd(1)-N(2)  2.048(9) 
Pd(1)-C(1)  2.057(11) 
Pd(1)-N(3)  2.177(9) 
Pd(1)-N(4)  2.182(9) 
N(1)-C(3)  1.332(16) 
N(1)-C(7)  1.356(16) 
N(2)-C(10)  1.304(16) 
N(2)-C(14)  1.387(16) 
N(3)-C(8)  1.486(16) 
N(3)-C(9)  1.524(16) 
N(3)-C(17)  1.540(15) 
N(4)-C(16)  1.492(16) 
N(4)-C(15)  1.494(15) 
N(4)-C(20)  1.559(14) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
C(3)-C(4)  1.388(18) 
C(3)-C(16)  1.48(2) 
C(4)-C(5)  1.39(2) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.39(2) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.361(18) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.497(18) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-C(10)  1.487(19) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-C(11)  1.413(17) 
C(11)-C(12)  1.37(2) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.40(2) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.366(17) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.480(19) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-C(18)  1.506(5) 
C(17)-C(19)  1.510(5) 
C(17)-H(17)  1.0000 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(20)-C(21)  1.475(18) 
C(20)-C(22)  1.543(19) 
C(20)-H(20)  1.0000 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
P(1)-F(5)  1.586(8) 
P(1)-F(2)  1.587(8) 
P(1)-F(1)  1.589(8) 
P(1)-F(4)  1.596(8) 
P(1)-F(6)  1.596(8) 
P(1)-F(3)  1.603(8) 
P(2)-F(8)  1.582(9) 
P(2)-F(11)  1.583(10) 
P(2)-F(7)  1.587(9) 
P(2)-F(9)  1.590(9) 
P(2)-F(12)  1.592(10) 
P(2)-F(10)  1.597(9) 
P(1')-F(2')  1.578(16) 
P(1')-F(5')  1.581(16) 
P(1')-F(1')  1.584(16) 
P(1')-F(3')  1.596(16) 
P(1')-F(6')  1.598(16) 
P(1')-F(4')  1.598(16) 
P(2')-F(8')  1.575(16) 
P(2')-F(11')  1.579(16) 
P(2')-F(7')  1.586(16) 
P(2')-F(9')  1.597(16) 
P(2')-F(10')  1.598(16) 
P(2')-F(12')                        1.598(16)
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Projection view of [42+](PF6)2 with 50% thermal ellipsoids. 
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Table D-7.  Crystal data and structure refinement for lm4012. 
Identification code  l4012/lt/Fengrui (NB7-pp96) 
Empirical formula  C56 H73 Cl4 N9 O8 Pd2 
Formula weight  1354.83 
Temperature  298(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 9.87020(10) Å α = 90°. 
 b = 21.9263(3) Å β = 106.7620(10)°. 
 c = 14.4855(2) Å γ = 90°. 
Volume 3001.71(7) Å3 
Z 2 
Density (calculated) 1.499 Mg/m3 
Absorption coefficient 0.837 mm-1 
F(000) 1392 
Crystal size 0.16 x 0.11 x 0.07 mm3 
Theta range for data collection 1.74 to 26.37°. 
Index ranges -12≤h≤12, -27≤k≤27, -18≤l≤18 
Reflections collected 83355 
Independent reflections 6137 [R(int) = 0.0844] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9430 and 0.8813 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6137 / 57 / 417 
Goodness-of-fit on F2 1.066 
Final R indices [I>2sigma(I)] R1 = 0.0518, wR2 = 0.1337 
R indices (all data) R1 = 0.0818, wR2 = 0.1495 
Largest diff. peak and hole 0.811 and -0.710 e.Å-3 
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Table D-8.   Bond lengths [Å] and angles [°] for  lm4012. 
_____________________________________________________  
Pd(1)-C(1)  2.027(5) 
Pd(1)-N(1)  2.075(4) 
Pd(1)-N(2)  2.161(4) 
Pd(1)-Cl(1)  2.3586(14) 
Pd(1)-N(3)  2.384(4) 
Pd(1)-Cl(1')  2.411(16) 
Pd(1)-N(4)  2.416(4) 
Cl(2)-O(4)  1.398(5) 
Cl(2)-O(4')  1.399(5) 
Cl(2)-O(3)  1.400(5) 
Cl(2)-O(2')  1.400(5) 
Cl(2)-O(2)  1.401(5) 
Cl(2)-O(3')  1.401(5) 
Cl(2)-O(1')  1.403(5) 
Cl(2)-O(1)  1.407(5) 
N(1)-C(12)  1.332(6) 
N(1)-C(8)  1.342(7) 
N(2)-C(15)  1.339(7) 
N(2)-C(19)  1.341(7) 
N(3)-C(13)  1.478(7) 
N(3)-C(14)  1.490(7) 
N(3)-C(22)  1.530(7) 
N(4)-C(20)  1.479(7) 
N(4)-C(21)  1.502(7) 
N(4)-C(25)  1.517(6) 
C(1)-C(2)  1.376(7) 
C(1)-C(6)  1.380(8) 
C(2)-C(3)  1.400(8) 
C(2)-H(2)  0.9300 
C(3)-C(4)  1.372(8) 
C(3)-H(3)  0.9300 
C(4)-C(5)  1.373(8) 
C(4)-C(7)  1.502(8) 
C(5)-C(6)  1.409(8) 
C(5)-H(5)  0.9300 
C(6)-H(6)  0.9300 
C(7)-H(7A)  0.9600 
C(7)-H(7B)  0.9600 
C(7)-H(7C)  0.9600 
C(8)-C(9)  1.380(8) 
C(8)-C(21)  1.491(8) 
C(9)-C(10)  1.369(9) 
C(9)-H(9)  0.9300 
C(10)-C(11)  1.368(9) 
C(10)-H(10)  0.9300 
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C(11)-C(12)  1.394(7) 
C(11)-H(11)  0.9300 
C(12)-C(13)  1.493(7) 
C(13)-H(13A)  0.9700 
C(13)-H(13B)  0.9700 
C(14)-C(15)  1.490(7) 
C(14)-H(14A)  0.9700 
C(14)-H(14B)  0.9700 
C(15)-C(16)  1.384(8) 
C(16)-C(17)  1.362(9) 
C(16)-H(16)  0.9300 
C(17)-C(18)  1.373(9) 
C(17)-H(17)  0.9300 
C(18)-C(19)  1.381(7) 
C(18)-H(18)  0.9300 
C(19)-C(20)  1.485(8) 
C(20)-H(20A)  0.9700 
C(20)-H(20B)  0.9700 
C(21)-H(21A)  0.9700 
C(21)-H(21B)  0.9700 
C(22)-C(24)  1.517(9) 
C(22)-C(23)  1.517(9) 
C(22)-H(22)  0.9800 
C(23)-H(23A)  0.9600 
C(23)-H(23B)  0.9600 
C(23)-H(23C)  0.9600 
C(24)-H(24A)  0.9600 
C(24)-H(24B)  0.9600 
C(24)-H(24C)  0.9600 
C(25)-C(27)  1.512(8) 
C(25)-C(26)  1.537(7) 
C(25)-H(25)  0.9800 
C(26)-H(26A)  0.9600 
C(26)-H(26B)  0.9600 
C(26)-H(26C)  0.9600 
C(27)-H(27A)  0.9600 
C(27)-H(27B)  0.9600 
C(27)-H(27C)  0.9600 
N(1S)-C(1S)  1.200(5) 
C(1S)-C(2S)  1.500(5) 
C(2S)-H(2S1)  0.9600 
C(2S)-H(2S2)  0.9600 
C(2S)-H(2S3)  0.9600 
 
C(1)-Pd(1)-N(1) 90.43(18) 
C(1)-Pd(1)-N(2) 165.88(19) 
N(1)-Pd(1)-N(2) 78.12(16) 
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C(1)-Pd(1)-Cl(1) 93.52(15) 
N(1)-Pd(1)-Cl(1) 171.17(12) 
N(2)-Pd(1)-Cl(1) 98.99(12) 
C(1)-Pd(1)-N(3) 108.89(18) 
N(1)-Pd(1)-N(3) 78.30(15) 
N(2)-Pd(1)-N(3) 77.13(15) 
Cl(1)-Pd(1)-N(3) 92.93(11) 
C(1)-Pd(1)-Cl(1') 69.6(8) 
N(1)-Pd(1)-Cl(1') 158.0(7) 
N(2)-Pd(1)-Cl(1') 123.0(8) 
Cl(1)-Pd(1)-Cl(1') 24.0(7) 
N(3)-Pd(1)-Cl(1') 99.0(7) 
C(1)-Pd(1)-N(4) 93.57(18) 
N(1)-Pd(1)-N(4) 77.76(15) 
N(2)-Pd(1)-N(4) 76.08(15) 
Cl(1)-Pd(1)-N(4) 109.83(11) 
N(3)-Pd(1)-N(4) 147.07(14) 
Cl(1')-Pd(1)-N(4) 111.6(7) 
O(4)-Cl(2)-O(3) 108.8(15) 
O(4')-Cl(2)-O(3) 129.9(19) 
O(4)-Cl(2)-O(2') 130(2) 
O(4')-Cl(2)-O(2') 113(2) 
O(3)-Cl(2)-O(2') 105(2) 
O(4)-Cl(2)-O(2) 105.6(14) 
O(4')-Cl(2)-O(2) 90(2) 
O(3)-Cl(2)-O(2) 120.3(17) 
O(4)-Cl(2)-O(3') 89.6(18) 
O(4')-Cl(2)-O(3') 108(2) 
O(2')-Cl(2)-O(3') 102.8(19) 
O(2)-Cl(2)-O(3') 105.8(19) 
O(4)-Cl(2)-O(1') 101(2) 
O(4')-Cl(2)-O(1') 98(3) 
O(3)-Cl(2)-O(1') 98.3(18) 
O(2')-Cl(2)-O(1') 108.8(18) 
O(2)-Cl(2)-O(1') 121(2) 
O(3')-Cl(2)-O(1') 126.4(19) 
O(4)-Cl(2)-O(1) 112(2) 
O(4')-Cl(2)-O(1) 104(2) 
O(3)-Cl(2)-O(1) 103.7(11) 
O(2')-Cl(2)-O(1) 93.9(18) 
O(2)-Cl(2)-O(1) 106.7(14) 
O(3')-Cl(2)-O(1) 134.0(18) 
C(12)-N(1)-C(8) 122.3(4) 
C(12)-N(1)-Pd(1) 117.6(3) 
C(8)-N(1)-Pd(1) 116.6(3) 
C(15)-N(2)-C(19) 120.4(4) 
C(15)-N(2)-Pd(1) 115.7(3) 
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C(19)-N(2)-Pd(1) 117.9(4) 
C(13)-N(3)-C(14) 111.4(4) 
C(13)-N(3)-C(22) 113.4(4) 
C(14)-N(3)-C(22) 108.8(4) 
C(13)-N(3)-Pd(1) 104.4(3) 
C(14)-N(3)-Pd(1) 100.2(3) 
C(22)-N(3)-Pd(1) 117.9(3) 
C(20)-N(4)-C(21) 111.3(5) 
C(20)-N(4)-C(25) 111.6(4) 
C(21)-N(4)-C(25) 109.6(4) 
C(20)-N(4)-Pd(1) 106.6(3) 
C(21)-N(4)-Pd(1) 97.8(3) 
C(25)-N(4)-Pd(1) 119.2(3) 
C(2)-C(1)-C(6) 119.4(5) 
C(2)-C(1)-Pd(1) 121.1(4) 
C(6)-C(1)-Pd(1) 118.7(4) 
C(1)-C(2)-C(3) 119.3(5) 
C(1)-C(2)-H(2) 120.3 
C(3)-C(2)-H(2) 120.3 
C(4)-C(3)-C(2) 122.0(5) 
C(4)-C(3)-H(3) 119.0 
C(2)-C(3)-H(3) 119.0 
C(3)-C(4)-C(5) 118.4(5) 
C(3)-C(4)-C(7) 121.3(6) 
C(5)-C(4)-C(7) 120.3(6) 
C(4)-C(5)-C(6) 120.5(6) 
C(4)-C(5)-H(5) 119.8 
C(6)-C(5)-H(5) 119.8 
C(1)-C(6)-C(5) 120.3(5) 
C(1)-C(6)-H(6) 119.9 
C(5)-C(6)-H(6) 119.9 
C(4)-C(7)-H(7A) 109.5 
C(4)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(4)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
N(1)-C(8)-C(9) 120.2(5) 
N(1)-C(8)-C(21) 116.1(5) 
C(9)-C(8)-C(21) 123.7(5) 
C(10)-C(9)-C(8) 118.6(6) 
C(10)-C(9)-H(9) 120.7 
C(8)-C(9)-H(9) 120.7 
C(11)-C(10)-C(9) 120.4(6) 
C(11)-C(10)-H(10) 119.8 
C(9)-C(10)-H(10) 119.8 
C(10)-C(11)-C(12) 119.5(6) 
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C(10)-C(11)-H(11) 120.2 
C(12)-C(11)-H(11) 120.2 
N(1)-C(12)-C(11) 118.9(5) 
N(1)-C(12)-C(13) 118.3(5) 
C(11)-C(12)-C(13) 122.8(5) 
N(3)-C(13)-C(12) 114.3(4) 
N(3)-C(13)-H(13A) 108.7 
C(12)-C(13)-H(13A) 108.7 
N(3)-C(13)-H(13B) 108.7 
C(12)-C(13)-H(13B) 108.7 
H(13A)-C(13)-H(13B) 107.6 
N(3)-C(14)-C(15) 112.5(4) 
N(3)-C(14)-H(14A) 109.1 
C(15)-C(14)-H(14A) 109.1 
N(3)-C(14)-H(14B) 109.1 
C(15)-C(14)-H(14B) 109.1 
H(14A)-C(14)-H(14B) 107.8 
N(2)-C(15)-C(16) 120.7(5) 
N(2)-C(15)-C(14) 114.5(5) 
C(16)-C(15)-C(14) 124.7(5) 
C(17)-C(16)-C(15) 119.5(6) 
C(17)-C(16)-H(16) 120.3 
C(15)-C(16)-H(16) 120.3 
C(16)-C(17)-C(18) 119.2(6) 
C(16)-C(17)-H(17) 120.4 
C(18)-C(17)-H(17) 120.4 
C(17)-C(18)-C(19) 119.9(6) 
C(17)-C(18)-H(18) 120.0 
C(19)-C(18)-H(18) 120.0 
N(2)-C(19)-C(18) 120.0(5) 
N(2)-C(19)-C(20) 117.9(5) 
C(18)-C(19)-C(20) 122.1(5) 
N(4)-C(20)-C(19) 115.6(4) 
N(4)-C(20)-H(20A) 108.4 
C(19)-C(20)-H(20A) 108.4 
N(4)-C(20)-H(20B) 108.4 
C(19)-C(20)-H(20B) 108.4 
H(20A)-C(20)-H(20B) 107.4 
C(8)-C(21)-N(4) 111.0(5) 
C(8)-C(21)-H(21A) 109.4 
N(4)-C(21)-H(21A) 109.4 
C(8)-C(21)-H(21B) 109.4 
N(4)-C(21)-H(21B) 109.4 
H(21A)-C(21)-H(21B) 108.0 
C(24)-C(22)-C(23) 111.9(5) 
C(24)-C(22)-N(3) 110.7(5) 
C(23)-C(22)-N(3) 113.2(5) 
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C(24)-C(22)-H(22) 106.9 
C(23)-C(22)-H(22) 106.9 
N(3)-C(22)-H(22) 106.9 
C(22)-C(23)-H(23A) 109.5 
C(22)-C(23)-H(23B) 109.5 
H(23A)-C(23)-H(23B) 109.5 
C(22)-C(23)-H(23C) 109.5 
H(23A)-C(23)-H(23C) 109.5 
H(23B)-C(23)-H(23C) 109.5 
C(22)-C(24)-H(24A) 109.5 
C(22)-C(24)-H(24B) 109.5 
H(24A)-C(24)-H(24B) 109.5 
C(22)-C(24)-H(24C) 109.5 
H(24A)-C(24)-H(24C) 109.5 
H(24B)-C(24)-H(24C) 109.5 
C(27)-C(25)-N(4) 111.0(4) 
C(27)-C(25)-C(26) 110.5(5) 
N(4)-C(25)-C(26) 113.8(4) 
C(27)-C(25)-H(25) 107.0 
N(4)-C(25)-H(25) 107.0 
C(26)-C(25)-H(25) 107.0 
C(25)-C(26)-H(26A) 109.5 
C(25)-C(26)-H(26B) 109.5 
H(26A)-C(26)-H(26B) 109.5 
C(25)-C(26)-H(26C) 109.5 
H(26A)-C(26)-H(26C) 109.5 
H(26B)-C(26)-H(26C) 109.5 
C(25)-C(27)-H(27A) 109.5 
C(25)-C(27)-H(27B) 109.5 
H(27A)-C(27)-H(27B) 109.5 
C(25)-C(27)-H(27C) 109.5 
H(27A)-C(27)-H(27C) 109.5 
H(27B)-C(27)-H(27C) 109.5 
N(1S)-C(1S)-C(2S) 177(5) 
_____________________________________________________________  
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Projection view with 30% thermal ellipsoids- solvent molecule not shown: 
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Table D-9.  Crystal data and structure refinement for lm1510. 
Identification code  l1510/lt/JK100114-3 
Empirical formula  C29 H39 Cl3 N4 Pd 
Formula weight  656.39 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 10.4461(14) Å α = 113.541(3)°. 
 b = 12.2810(8) Å  β = 102.569(4)°. 
 c = 13.2061(8) Å  γ = 97.054(4)°. 
Volume 1473.7(2) Å3 
Z 2 
Density (calculated) 1.479 Mg/m3 
Absorption coefficient 0.927 mm-1 
F(000) 676 
Crystal size 0.41 x 0.22 x 0.12 mm3 
Theta range for data collection 1.76 to 39.03°. 
Index ranges -18≤h≤18, -21≤k≤21, -23≤l≤23 
Reflections collected 110413 
Independent reflections 16792 [R(int) = 0.0336] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8945 and 0.7019 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16792 / 0 / 350 
Goodness-of-fit on F2 1.038 
Final R indices [I>2sigma(I)] R1 = 0.0267, wR2 = 0.0629 
R indices (all data) R1 = 0.0336, wR2 = 0.0661 
Largest diff. peak and hole 1.203 and -1.065 e.Å-3 
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Table D-10.   Bond lengths [Å] and angles [°] for lm1510. 
_____________________________________________________  
Pd(1)-C(23)  1.9968(9) 
Pd(1)-N(1)  2.0584(8) 
Pd(1)-N(3)  2.1770(8) 
Pd(1)-Cl(1)  2.3125(4) 
N(1)-C(5)  1.3508(12) 
N(1)-C(1)  1.3574(12) 
N(2)-C(6)  1.4708(13) 
N(2)-C(7)  1.4759(12) 
N(2)-C(15)  1.4918(13) 
N(3)-C(8)  1.3494(12) 
N(3)-C(12)  1.3499(12) 
N(4)-C(13)  1.4736(13) 
N(4)-C(14)  1.4754(13) 
N(4)-C(19)  1.4979(13) 
C(1)-C(2)  1.3899(13) 
C(1)-C(14)  1.5115(13) 
C(2)-C(3)  1.3862(15) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.3823(15) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.3885(13) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.5122(13) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.5110(14) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.3882(14) 
C(9)-C(10)  1.3876(16) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.3802(16) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.3895(14) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.5093(14) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(18)  1.5271(16) 
C(15)-C(17)  1.5278(16) 
C(15)-C(16)  1.5348(16) 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
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C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-C(21)  1.5287(17) 
C(19)-C(22)  1.5291(17) 
C(19)-C(20)  1.5339(17) 
C(20)-H(20A)  0.9800 
C(20)-H(20B)  0.9800 
C(20)-H(20C)  0.9800 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(23)-C(28)  1.3929(13) 
C(23)-C(24)  1.3996(14) 
C(24)-C(25)  1.3915(15) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.3936(16) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.3907(17) 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.3938(15) 
C(27)-H(27)  0.9500 
C(28)-H(28)  0.9500 
C(1S)-Cl(2)  1.7634(13) 
C(1S)-Cl(3)  1.765(2) 
C(1S)-Cl(3')  1.793(7) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
 
C(23)-Pd(1)-N(1) 92.87(3) 
C(23)-Pd(1)-N(3) 172.80(3) 
N(1)-Pd(1)-N(3) 80.21(3) 
C(23)-Pd(1)-Cl(1) 90.33(3) 
N(1)-Pd(1)-Cl(1) 176.00(2) 
N(3)-Pd(1)-Cl(1) 96.50(2) 
C(5)-N(1)-C(1) 119.98(8) 
C(5)-N(1)-Pd(1) 119.65(6) 
C(1)-N(1)-Pd(1) 119.35(6) 
C(6)-N(2)-C(7) 111.43(8) 
C(6)-N(2)-C(15) 115.93(8) 
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C(7)-N(2)-C(15) 115.35(8) 
C(8)-N(3)-C(12) 119.25(8) 
C(8)-N(3)-Pd(1) 121.40(6) 
C(12)-N(3)-Pd(1) 117.41(6) 
C(13)-N(4)-C(14) 110.58(7) 
C(13)-N(4)-C(19) 114.56(8) 
C(14)-N(4)-C(19) 113.84(8) 
N(1)-C(1)-C(2) 120.72(9) 
N(1)-C(1)-C(14) 119.41(8) 
C(2)-C(1)-C(14) 119.87(8) 
C(3)-C(2)-C(1) 119.58(9) 
C(3)-C(2)-H(2) 120.2 
C(1)-C(2)-H(2) 120.2 
C(4)-C(3)-C(2) 118.94(9) 
C(4)-C(3)-H(3) 120.5 
C(2)-C(3)-H(3) 120.5 
C(3)-C(4)-C(5) 119.81(9) 
C(3)-C(4)-H(4) 120.1 
C(5)-C(4)-H(4) 120.1 
N(1)-C(5)-C(4) 120.76(9) 
N(1)-C(5)-C(6) 118.80(8) 
C(4)-C(5)-C(6) 120.38(8) 
N(2)-C(6)-C(5) 111.08(8) 
N(2)-C(6)-H(6A) 109.4 
C(5)-C(6)-H(6A) 109.4 
N(2)-C(6)-H(6B) 109.4 
C(5)-C(6)-H(6B) 109.4 
H(6A)-C(6)-H(6B) 108.0 
N(2)-C(7)-C(8) 111.04(8) 
N(2)-C(7)-H(7A) 109.4 
C(8)-C(7)-H(7A) 109.4 
N(2)-C(7)-H(7B) 109.4 
C(8)-C(7)-H(7B) 109.4 
H(7A)-C(7)-H(7B) 108.0 
N(3)-C(8)-C(9) 121.54(9) 
N(3)-C(8)-C(7) 118.49(8) 
C(9)-C(8)-C(7) 119.93(9) 
C(10)-C(9)-C(8) 119.33(10) 
C(10)-C(9)-H(9) 120.3 
C(8)-C(9)-H(9) 120.3 
C(11)-C(10)-C(9) 118.86(9) 
C(11)-C(10)-H(10) 120.6 
C(9)-C(10)-H(10) 120.6 
C(10)-C(11)-C(12) 119.56(10) 
C(10)-C(11)-H(11) 120.2 
C(12)-C(11)-H(11) 120.2 
N(3)-C(12)-C(11) 121.41(9) 
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N(3)-C(12)-C(13) 118.56(8) 
C(11)-C(12)-C(13) 119.99(9) 
N(4)-C(13)-C(12) 111.16(8) 
N(4)-C(13)-H(13A) 109.4 
C(12)-C(13)-H(13A) 109.4 
N(4)-C(13)-H(13B) 109.4 
C(12)-C(13)-H(13B) 109.4 
H(13A)-C(13)-H(13B) 108.0 
N(4)-C(14)-C(1) 113.04(8) 
N(4)-C(14)-H(14A) 109.0 
C(1)-C(14)-H(14A) 109.0 
N(4)-C(14)-H(14B) 109.0 
C(1)-C(14)-H(14B) 109.0 
H(14A)-C(14)-H(14B) 107.8 
N(2)-C(15)-C(18) 108.99(9) 
N(2)-C(15)-C(17) 112.58(9) 
C(18)-C(15)-C(17) 110.04(10) 
N(2)-C(15)-C(16) 109.19(8) 
C(18)-C(15)-C(16) 106.01(10) 
C(17)-C(15)-C(16) 109.81(10) 
C(15)-C(16)-H(16A) 109.5 
C(15)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
C(15)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
C(15)-C(17)-H(17A) 109.5 
C(15)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
C(15)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
C(15)-C(18)-H(18A) 109.5 
C(15)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(15)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
N(4)-C(19)-C(21) 108.35(9) 
N(4)-C(19)-C(22) 112.80(9) 
C(21)-C(19)-C(22) 110.51(11) 
N(4)-C(19)-C(20) 108.97(9) 
C(21)-C(19)-C(20) 106.34(10) 
C(22)-C(19)-C(20) 109.65(10) 
C(19)-C(20)-H(20A) 109.5 
C(19)-C(20)-H(20B) 109.5 
H(20A)-C(20)-H(20B) 109.5 
227 
 
C(19)-C(20)-H(20C) 109.5 
H(20A)-C(20)-H(20C) 109.5 
H(20B)-C(20)-H(20C) 109.5 
C(19)-C(21)-H(21A) 109.5 
C(19)-C(21)-H(21B) 109.5 
H(21A)-C(21)-H(21B) 109.5 
C(19)-C(21)-H(21C) 109.5 
H(21A)-C(21)-H(21C) 109.5 
H(21B)-C(21)-H(21C) 109.5 
C(19)-C(22)-H(22A) 109.5 
C(19)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
C(19)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(28)-C(23)-C(24) 118.07(9) 
C(28)-C(23)-Pd(1) 122.31(7) 
C(24)-C(23)-Pd(1) 119.56(7) 
C(25)-C(24)-C(23) 120.93(9) 
C(25)-C(24)-H(24) 119.5 
C(23)-C(24)-H(24) 119.5 
C(24)-C(25)-C(26) 120.47(10) 
C(24)-C(25)-H(25) 119.8 
C(26)-C(25)-H(25) 119.8 
C(27)-C(26)-C(25) 118.97(10) 
C(27)-C(26)-H(26) 120.5 
C(25)-C(26)-H(26) 120.5 
C(26)-C(27)-C(28) 120.37(10) 
C(26)-C(27)-H(27) 119.8 
C(28)-C(27)-H(27) 119.8 
C(23)-C(28)-C(27) 121.16(10) 
C(23)-C(28)-H(28) 119.4 
C(27)-C(28)-H(28) 119.4 
Cl(2)-C(1S)-Cl(3) 110.18(10) 
Cl(2)-C(1S)-Cl(3') 114.5(5) 
Cl(3)-C(1S)-Cl(3') 6.6(7) 
Cl(2)-C(1S)-H(1S1) 109.6 
Cl(3)-C(1S)-H(1S1) 109.6 
Cl(3')-C(1S)-H(1S1) 111.5 
Cl(2)-C(1S)-H(1S2) 109.6 
Cl(3)-C(1S)-H(1S2) 109.6 
Cl(3')-C(1S)-H(1S2) 103.1 
H(1S1)-C(1S)-H(1S2) 108.1 
_____________________________________________________________  
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Projection view with 50% thermal ellipsoids: 
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Table D-11.  Crystal data and structure refinement for (Me3tacn)PdMe2 (lm20111). 
Identification code  l20111/lt/smart/JK111219-1 
Empirical formula  C11 H27 N3 Pd 
Formula weight  307.76 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 6.8410(3) Å α = 90°. 
 b = 16.0925(7) Å β = 103.221(2)°. 
 c = 12.9020(5) Å γ = 90°. 
Volume 1382.72(10) Å3 
Z 4 
Density (calculated) 1.478 Mg/m3 
Absorption coefficient 1.320 mm-1 
F(000) 640 
Crystal size 0.24 x 0.20 x 0.17 mm3 
Theta range for data collection 2.06 to 38.24°. 
Index ranges -11≤h≤11, -27≤k≤27, -22≤l≤20 
Reflections collected 88509 
Independent reflections 7604 [R(int) = 0.0280] 
Completeness to theta = 38.24° 99.4 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8048 and 0.7441 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7604 / 173 / 262 
Goodness-of-fit on F2 1.116 
Final R indices [I>2sigma(I)] R1 = 0.0343, wR2 = 0.0680 
R indices (all data) R1 = 0.0428, wR2 = 0.0742 
Largest diff. peak and hole 4.069 and -3.317 e.Å-3 
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Table D-12.   Bond lengths [Å] and angles [°] for  lm20111. 
_____________________________________________________  
Pd(1)-C(1)  2.032(2) 
Pd(1)-C(2)  2.0339(19) 
Pd(1)-N(2')  2.059(18) 
Pd(1)-N(1)  2.220(6) 
Pd(1)-N(2)  2.249(4) 
Pd(1)-N(1')  2.274(18) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
N(3)-C(7)  1.395(10) 
N(3)-C(11)  1.479(10) 
N(3)-C(6)  1.558(10) 
C(6)-C(5)  1.532(4) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-C(8)  1.536(4) 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
N(1)-C(9)  1.478(4) 
N(1)-C(8)  1.491(5) 
N(1)-C(3)  1.495(5) 
C(3)-C(4)  1.499(5) 
C(3)-H(3A)  0.9900 
C(3)-H(3B)  0.9900 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
N(2)-C(10)  1.484(4) 
N(2)-C(4)  1.487(5) 
N(2)-C(5)  1.500(4) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
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C(10)-H(10C)  0.9800 
N(3')-C(7')  1.375(13) 
N(3')-C(11')  1.536(11) 
N(3')-C(6')  1.549(14) 
C(6')-C(5')  1.537(13) 
C(6')-H(6'A)  0.9900 
C(6')-H(6'B)  0.9900 
C(7')-C(8')  1.528(13) 
C(7')-H(7'1)  0.9900 
C(7')-H(7'2)  0.9900 
C(11')-H(11D)  0.9800 
C(11')-H(11E)  0.9800 
C(11')-H(11F)  0.9800 
N(1')-C(9')  1.478(13) 
N(1')-C(8')  1.487(13) 
N(1')-C(3')  1.488(13) 
C(3')-C(4')  1.491(14) 
C(3')-H(3'A)  0.9900 
C(3')-H(3'B)  0.9900 
C(8')-H(8'1)  0.9900 
C(8')-H(8'2)  0.9900 
C(9')-H(9'1)  0.9800 
C(9')-H(9'2)  0.9800 
C(9')-H(9'3)  0.9800 
N(2')-C(10')  1.481(14) 
N(2')-C(4')  1.491(15) 
N(2')-C(5')  1.501(12) 
C(4')-H(4'1)  0.9900 
C(4')-H(4'2)  0.9900 
C(5')-H(5'A)  0.9900 
C(5')-H(5'B)  0.9900 
C(10')-H(10D)  0.9800 
C(10')-H(10E)  0.9800 
C(10')-H(10F)  0.9800 
N(3A)-C(11A)  1.497(15) 
C(11A)-H(11G)  0.9800 
C(11A)-H(11H)  0.9800 
C(11A)-H(11I)  0.9800 
 
C(1)-Pd(1)-C(2) 87.57(10) 
C(1)-Pd(1)-N(2') 171.5(3) 
C(2)-Pd(1)-N(2') 96.2(4) 
C(1)-Pd(1)-N(1) 96.12(12) 
C(2)-Pd(1)-N(1) 175.73(12) 
N(2')-Pd(1)-N(1) 80.4(4) 
C(1)-Pd(1)-N(2) 176.84(11) 
C(2)-Pd(1)-N(2) 95.60(12) 
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N(2')-Pd(1)-N(2) 7.7(4) 
N(1)-Pd(1)-N(2) 80.72(14) 
C(1)-Pd(1)-N(1') 92.0(3) 
C(2)-Pd(1)-N(1') 175.8(3) 
N(2')-Pd(1)-N(1') 83.6(5) 
N(1)-Pd(1)-N(1') 7.6(4) 
N(2)-Pd(1)-N(1') 84.8(3) 
Pd(1)-C(1)-H(1A) 109.5 
Pd(1)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
Pd(1)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
Pd(1)-C(2)-H(2A) 109.5 
Pd(1)-C(2)-H(2B) 109.5 
H(2A)-C(2)-H(2B) 109.5 
Pd(1)-C(2)-H(2C) 109.5 
H(2A)-C(2)-H(2C) 109.5 
H(2B)-C(2)-H(2C) 109.5 
C(7)-N(3)-C(11) 114.7(9) 
C(7)-N(3)-C(6) 115.4(7) 
C(11)-N(3)-C(6) 108.9(7) 
C(5)-C(6)-N(3) 115.7(6) 
C(5)-C(6)-H(6A) 108.3 
N(3)-C(6)-H(6A) 108.3 
C(5)-C(6)-H(6B) 108.3 
N(3)-C(6)-H(6B) 108.3 
H(6A)-C(6)-H(6B) 107.4 
N(3)-C(7)-C(8) 112.5(6) 
N(3)-C(7)-H(7A) 109.1 
C(8)-C(7)-H(7A) 109.1 
N(3)-C(7)-H(7B) 109.1 
C(8)-C(7)-H(7B) 109.1 
H(7A)-C(7)-H(7B) 107.8 
C(9)-N(1)-C(8) 109.2(3) 
C(9)-N(1)-C(3) 108.5(4) 
C(8)-N(1)-C(3) 110.0(3) 
C(9)-N(1)-Pd(1) 109.5(3) 
C(8)-N(1)-Pd(1) 111.4(3) 
C(3)-N(1)-Pd(1) 108.1(2) 
N(1)-C(3)-C(4) 111.2(3) 
N(1)-C(3)-H(3A) 109.4 
C(4)-C(3)-H(3A) 109.4 
N(1)-C(3)-H(3B) 109.4 
C(4)-C(3)-H(3B) 109.4 
H(3A)-C(3)-H(3B) 108.0 
N(1)-C(8)-C(7) 113.2(3) 
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N(1)-C(8)-H(8A) 108.9 
C(7)-C(8)-H(8A) 108.9 
N(1)-C(8)-H(8B) 108.9 
C(7)-C(8)-H(8B) 108.9 
H(8A)-C(8)-H(8B) 107.7 
C(10)-N(2)-C(4) 107.5(3) 
C(10)-N(2)-C(5) 108.2(3) 
C(4)-N(2)-C(5) 111.8(3) 
C(10)-N(2)-Pd(1) 113.4(3) 
C(4)-N(2)-Pd(1) 99.9(3) 
C(5)-N(2)-Pd(1) 115.6(2) 
N(2)-C(4)-C(3) 111.0(3) 
N(2)-C(4)-H(4A) 109.4 
C(3)-C(4)-H(4A) 109.4 
N(2)-C(4)-H(4B) 109.4 
C(3)-C(4)-H(4B) 109.4 
H(4A)-C(4)-H(4B) 108.0 
N(2)-C(5)-C(6) 116.5(2) 
N(2)-C(5)-H(5A) 108.2 
C(6)-C(5)-H(5A) 108.2 
N(2)-C(5)-H(5B) 108.2 
C(6)-C(5)-H(5B) 108.2 
H(5A)-C(5)-H(5B) 107.3 
C(7')-N(3')-C(11') 103.9(9) 
C(7')-N(3')-C(6') 116.2(10) 
C(11')-N(3')-C(6') 138.3(9) 
C(5')-C(6')-N(3') 121.6(11) 
C(5')-C(6')-H(6'A) 106.9 
N(3')-C(6')-H(6'A) 106.9 
C(5')-C(6')-H(6'B) 106.9 
N(3')-C(6')-H(6'B) 106.9 
H(6'A)-C(6')-H(6'B) 106.7 
N(3')-C(7')-C(8') 121.2(11) 
N(3')-C(7')-H(7'1) 107.0 
C(8')-C(7')-H(7'1) 107.0 
N(3')-C(7')-H(7'2) 107.0 
C(8')-C(7')-H(7'2) 107.0 
H(7'1)-C(7')-H(7'2) 106.8 
N(3')-C(11')-H(11D) 109.5 
N(3')-C(11')-H(11E) 109.5 
H(11D)-C(11')-H(11E) 109.5 
N(3')-C(11')-H(11F) 109.5 
H(11D)-C(11')-H(11F) 109.5 
H(11E)-C(11')-H(11F) 109.5 
C(9')-N(1')-C(8') 109.7(11) 
C(9')-N(1')-C(3') 106.9(10) 
C(8')-N(1')-C(3') 113.6(12) 
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C(9')-N(1')-Pd(1) 118.6(11) 
C(8')-N(1')-Pd(1) 108.5(9) 
C(3')-N(1')-Pd(1) 99.3(8) 
N(1')-C(3')-C(4') 111.6(9) 
N(1')-C(3')-H(3'A) 109.3 
C(4')-C(3')-H(3'A) 109.3 
N(1')-C(3')-H(3'B) 109.3 
C(4')-C(3')-H(3'B) 109.3 
H(3'A)-C(3')-H(3'B) 108.0 
N(1')-C(8')-C(7') 119.1(11) 
N(1')-C(8')-H(8'1) 107.5 
C(7')-C(8')-H(8'1) 107.5 
N(1')-C(8')-H(8'2) 107.5 
C(7')-C(8')-H(8'2) 107.5 
H(8'1)-C(8')-H(8'2) 107.0 
N(1')-C(9')-H(9'1) 109.5 
N(1')-C(9')-H(9'2) 109.5 
H(9'1)-C(9')-H(9'2) 109.5 
N(1')-C(9')-H(9'3) 109.5 
H(9'1)-C(9')-H(9'3) 109.5 
H(9'2)-C(9')-H(9'3) 109.5 
C(10')-N(2')-C(4') 108.5(13) 
C(10')-N(2')-C(5') 109.5(11) 
C(4')-N(2')-C(5') 108.9(12) 
C(10')-N(2')-Pd(1) 113.6(10) 
C(4')-N(2')-Pd(1) 109.7(9) 
C(5')-N(2')-Pd(1) 106.5(10) 
N(2')-C(4')-C(3') 111.9(11) 
N(2')-C(4')-H(4'1) 109.2 
C(3')-C(4')-H(4'1) 109.2 
N(2')-C(4')-H(4'2) 109.2 
C(3')-C(4')-H(4'2) 109.2 
H(4'1)-C(4')-H(4'2) 107.9 
N(2')-C(5')-C(6') 112.6(9) 
N(2')-C(5')-H(5'A) 109.1 
C(6')-C(5')-H(5'A) 109.1 
N(2')-C(5')-H(5'B) 109.1 
C(6')-C(5')-H(5'B) 109.1 
H(5'A)-C(5')-H(5'B) 107.8 
N(2')-C(10')-H(10D) 109.5 
N(2')-C(10')-H(10E) 109.5 
H(10D)-C(10')-H(10E) 109.5 
N(2')-C(10')-H(10F) 109.5 
H(10D)-C(10')-H(10F) 109.5 
H(10E)-C(10')-H(10F) 109.5 
_____________________________________________________________  
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Projection view with 50% thermal ellipsoids - disorder components are omitted for clarity: 
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Table D-13.  Crystal data and structure refinement for [(Me3tacn)PdMe3]I (lm8911). 
Identification code l8911/lt/JK110621-02 
Empirical formula  C12 H30 I N3 Pd 
Formula weight 449.69 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 9.0285(6) Å 
b = 13.3794(9) Å 
c = 13.7845(10) Å 
α =  90°. 
β = 91.138(3)°. 
γ = 90°. 
Volume 1664.8(2) Å3 
Z 4 
Density (calculated) 1.794 Mg/m3 
Absorption coefficient 2.957 mm-1 
F(000) 888 
Crystal size 0.32 x 0.16 x 0.13 mm3 
Theta range for data collection 2.12 to 37.38°. 
Index ranges -15≤h≤15, -22≤k≤22, -23≤l≤20 
Reflections collected 59255 
Independent reflections 8638 [R(int) = 0.0324] 
Completeness to theta = 37.38° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7070 and 0.4532 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8638 / 0 / 160 
Goodness-of-fit on F2 1.013 
Final R indices [I>2sigma(I)] R1 = 0.0225, wR2 = 0.0448 
R indices (all data) R1 = 0.0341, wR2 = 0.0488 
Largest diff. peak and hole 1.287 and -0.650 e.Å-3 
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Table D-14.   Bond lengths [Å] and angles [°] for  lm8911. 
_____________________________________________________  
Pd(1)-C(1)  2.0375(14) 
Pd(1)-C(2)  2.0380(14) 
Pd(1)-C(3)  2.0384(14) 
Pd(1)-N(1)  2.2180(11) 
Pd(1)-N(2)  2.2192(11) 
Pd(1)-N(3)  2.2193(11) 
N(1)-C(10)  1.4782(18) 
N(1)-C(4)  1.4826(18) 
N(1)-C(9)  1.4991(17) 
N(2)-C(11)  1.4766(18) 
N(2)-C(6)  1.4778(17) 
N(2)-C(5)  1.4978(17) 
N(3)-C(12)  1.4748(18) 
N(3)-C(8)  1.4886(18) 
N(3)-C(7)  1.4989(17) 
C(1)-H(1A)  0.9800 
C(1)-H(1B)  0.9800 
C(1)-H(1C)  0.9800 
C(2)-H(2A)  0.9800 
C(2)-H(2B)  0.9800 
C(2)-H(2C)  0.9800 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(3)-H(3C)  0.9800 
C(4)-C(5)  1.514(2) 
C(4)-H(4A)  0.9900 
C(4)-H(4B)  0.9900 
C(5)-H(5A)  0.9900 
C(5)-H(5B)  0.9900 
C(6)-C(7)  1.515(2) 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(7)-H(7A)  0.9900 
C(7)-H(7B)  0.9900 
C(8)-C(9)  1.514(2) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
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C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
 
C(1)-Pd(1)-C(2) 87.18(6) 
C(1)-Pd(1)-C(3) 86.79(6) 
C(2)-Pd(1)-C(3) 86.06(7) 
C(1)-Pd(1)-N(1) 96.50(5) 
C(2)-Pd(1)-N(1) 175.82(5) 
C(3)-Pd(1)-N(1) 96.10(6) 
C(1)-Pd(1)-N(2) 175.42(5) 
C(2)-Pd(1)-N(2) 95.60(5) 
C(3)-Pd(1)-N(2) 97.02(5) 
N(1)-Pd(1)-N(2) 80.60(4) 
C(1)-Pd(1)-N(3) 95.49(5) 
C(2)-Pd(1)-N(3) 96.33(6) 
C(3)-Pd(1)-N(3) 176.77(6) 
N(1)-Pd(1)-N(3) 81.38(4) 
N(2)-Pd(1)-N(3) 80.61(4) 
C(10)-N(1)-C(4) 109.11(11) 
C(10)-N(1)-C(9) 109.83(11) 
C(4)-N(1)-C(9) 110.87(11) 
C(10)-N(1)-Pd(1) 114.83(9) 
C(4)-N(1)-Pd(1) 103.29(8) 
C(9)-N(1)-Pd(1) 108.76(8) 
C(11)-N(2)-C(6) 108.65(11) 
C(11)-N(2)-C(5) 109.33(10) 
C(6)-N(2)-C(5) 110.77(11) 
C(11)-N(2)-Pd(1) 115.10(9) 
C(6)-N(2)-Pd(1) 103.53(8) 
C(5)-N(2)-Pd(1) 109.33(8) 
C(12)-N(3)-C(8) 109.12(11) 
C(12)-N(3)-C(7) 109.52(10) 
C(8)-N(3)-C(7) 110.72(11) 
C(12)-N(3)-Pd(1) 115.33(9) 
C(8)-N(3)-Pd(1) 102.77(8) 
C(7)-N(3)-Pd(1) 109.19(8) 
Pd(1)-C(1)-H(1A) 109.5 
Pd(1)-C(1)-H(1B) 109.5 
H(1A)-C(1)-H(1B) 109.5 
Pd(1)-C(1)-H(1C) 109.5 
H(1A)-C(1)-H(1C) 109.5 
H(1B)-C(1)-H(1C) 109.5 
Pd(1)-C(2)-H(2A) 109.5 
Pd(1)-C(2)-H(2B) 109.5 
H(2A)-C(2)-H(2B) 109.5 
Pd(1)-C(2)-H(2C) 109.5 
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H(2A)-C(2)-H(2C) 109.5 
H(2B)-C(2)-H(2C) 109.5 
Pd(1)-C(3)-H(3A) 109.5 
Pd(1)-C(3)-H(3B) 109.5 
H(3A)-C(3)-H(3B) 109.5 
Pd(1)-C(3)-H(3C) 109.5 
H(3A)-C(3)-H(3C) 109.5 
H(3B)-C(3)-H(3C) 109.5 
N(1)-C(4)-C(5) 111.89(11) 
N(1)-C(4)-H(4A) 109.2 
C(5)-C(4)-H(4A) 109.2 
N(1)-C(4)-H(4B) 109.2 
C(5)-C(4)-H(4B) 109.2 
H(4A)-C(4)-H(4B) 107.9 
N(2)-C(5)-C(4) 111.63(11) 
N(2)-C(5)-H(5A) 109.3 
C(4)-C(5)-H(5A) 109.3 
N(2)-C(5)-H(5B) 109.3 
C(4)-C(5)-H(5B) 109.3 
H(5A)-C(5)-H(5B) 108.0 
N(2)-C(6)-C(7) 112.03(11) 
N(2)-C(6)-H(6A) 109.2 
C(7)-C(6)-H(6A) 109.2 
N(2)-C(6)-H(6B) 109.2 
C(7)-C(6)-H(6B) 109.2 
H(6A)-C(6)-H(6B) 107.9 
N(3)-C(7)-C(6) 112.22(11) 
N(3)-C(7)-H(7A) 109.2 
C(6)-C(7)-H(7A) 109.2 
N(3)-C(7)-H(7B) 109.2 
C(6)-C(7)-H(7B) 109.2 
H(7A)-C(7)-H(7B) 107.9 
N(3)-C(8)-C(9) 112.66(11) 
N(3)-C(8)-H(8A) 109.1 
C(9)-C(8)-H(8A) 109.1 
N(3)-C(8)-H(8B) 109.1 
C(9)-C(8)-H(8B) 109.1 
H(8A)-C(8)-H(8B) 107.8 
N(1)-C(9)-C(8) 112.53(11) 
N(1)-C(9)-H(9A) 109.1 
C(8)-C(9)-H(9A) 109.1 
N(1)-C(9)-H(9B) 109.1 
C(8)-C(9)-H(9B) 109.1 
H(9A)-C(9)-H(9B) 107.8 
N(1)-C(10)-H(10A) 109.5 
N(1)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
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N(1)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
N(2)-C(11)-H(11A) 109.5 
N(2)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 109.5 
N(2)-C(11)-H(11C) 109.5 
H(11A)-C(11)-H(11C) 109.5 
H(11B)-C(11)-H(11C) 109.5 
N(3)-C(12)-H(12A) 109.5 
N(3)-C(12)-H(12B) 109.5 
H(12A)-C(12)-H(12B) 109.5 
N(3)-C(12)-H(12C) 109.5 
H(12A)-C(12)-H(12C) 109.5 
H(12B)-C(12)-H(12C) 109.5 
_____________________________________________________________  
 
 
 
Projection view with 50% thermal ellipsoids. 
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Table Table D-15.  Crystal data and structure refinement for lm15812. 
Identification code l15812/lt/Fengrui/Me3tacnPdII 
Empirical formula  C19 H33 N3 Pd 
Formula weight 409.88 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  Cc 
Unit cell dimensions a = 12.010(5) Å 
b = 14.065(5) Å 
c = 12.461(5) Å 
 α = 90°. 
β = 1 13.96(2)° .
γ = 90° .
Volume 1923.6(13) Å3 
Z 4 
Density (calculated) 1.415 Mg/m3 
Absorption coefficient 0.969 mm-1 
F(000) 856 
Crystal size 0.22 x 0.13 x 0.05 mm3 
Theta range for data collection 2.35 to 26.85°. 
Index ranges -15≤h≤15, -17≤k≤17, -15≤l≤15 
Reflections collected 16565 
Independent reflections 4071 [R(int) = 0.0592] 
Completeness to theta = 26.85° 99.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9523 and 0.8130 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4071 / 2 / 213 
Goodness-of-fit on F2 1.010 
Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0525 
R indices (all data) R1 = 0.0299, wR2 = 0.0542 
Absolute structure parameter 0.00(2) 
Largest diff. peak and hole 0.321 and -0.341 e.Å-3 
242 
Table D-16.   Bond lengths [Å] and angles [°] for  lm15812. 
_____________________________________________________  
Pd(1)-C(8)  2.010(6) 
Pd(1)-C(1)  2.015(3) 
Pd(1)-N(1)  2.215(4) 
Pd(1)-N(3)  2.240(3) 
N(1)-C(17)  1.498(4) 
N(1)-C(15)  1.500(5) 
N(1)-C(11)  1.501(5) 
N(2)-C(18)  1.438(4) 
N(2)-C(13)  1.444(4) 
N(2)-C(12)  1.469(4) 
N(3)-C(19)  1.476(4) 
N(3)-C(16)  1.484(4) 
N(3)-C(14)  1.488(4) 
C(1)-C(6)  1.396(4) 
C(1)-C(2)  1.405(4) 
C(2)-C(3)  1.394(4) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.367(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.398(4) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.400(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.530(4) 
C(7)-C(9)  1.522(4) 
C(7)-C(10)  1.531(5) 
C(7)-C(8)  1.542(5) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.537(5) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.542(4) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
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C(15)-C(16)  1.510(4) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
 
C(8)-Pd(1)-C(1) 78.99(14) 
C(8)-Pd(1)-N(1) 176.5(2) 
C(1)-Pd(1)-N(1) 102.80(12) 
C(8)-Pd(1)-N(3) 97.22(12) 
C(1)-Pd(1)-N(3) 175.42(11) 
N(1)-Pd(1)-N(3) 81.12(10) 
C(17)-N(1)-C(15) 106.0(3) 
C(17)-N(1)-C(11) 109.1(3) 
C(15)-N(1)-C(11) 112.7(3) 
C(17)-N(1)-Pd(1) 113.8(3) 
C(15)-N(1)-Pd(1) 101.0(2) 
C(11)-N(1)-Pd(1) 113.9(3) 
C(18)-N(2)-C(13) 115.8(3) 
C(18)-N(2)-C(12) 116.2(3) 
C(13)-N(2)-C(12) 117.5(3) 
C(19)-N(3)-C(16) 108.1(3) 
C(19)-N(3)-C(14) 109.3(3) 
C(16)-N(3)-C(14) 110.4(2) 
C(19)-N(3)-Pd(1) 111.2(2) 
C(16)-N(3)-Pd(1) 108.21(18) 
C(14)-N(3)-Pd(1) 109.58(19) 
C(6)-C(1)-C(2) 117.1(3) 
C(6)-C(1)-Pd(1) 116.1(2) 
C(2)-C(1)-Pd(1) 126.6(2) 
C(3)-C(2)-C(1) 121.4(3) 
C(3)-C(2)-H(2) 119.3 
C(1)-C(2)-H(2) 119.3 
C(4)-C(3)-C(2) 120.6(3) 
C(4)-C(3)-H(3) 119.7 
C(2)-C(3)-H(3) 119.7 
C(3)-C(4)-C(5) 119.5(3) 
C(3)-C(4)-H(4) 120.2 
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C(5)-C(4)-H(4) 120.2 
C(4)-C(5)-C(6) 119.9(3) 
C(4)-C(5)-H(5) 120.0 
C(6)-C(5)-H(5) 120.0 
C(1)-C(6)-C(5) 121.3(3) 
C(1)-C(6)-C(7) 114.1(3) 
C(5)-C(6)-C(7) 124.6(3) 
C(9)-C(7)-C(6) 112.1(3) 
C(9)-C(7)-C(10) 109.5(3) 
C(6)-C(7)-C(10) 109.9(3) 
C(9)-C(7)-C(8) 111.5(3) 
C(6)-C(7)-C(8) 104.1(3) 
C(10)-C(7)-C(8) 109.6(3) 
C(7)-C(8)-Pd(1) 110.9(3) 
C(7)-C(8)-H(8A) 109.5 
Pd(1)-C(8)-H(8A) 109.5 
C(7)-C(8)-H(8B) 109.5 
Pd(1)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 108.1 
C(7)-C(9)-H(9A) 109.5 
C(7)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(7)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(7)-C(10)-H(10A) 109.5 
C(7)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(7)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
N(1)-C(11)-C(12) 116.4(3) 
N(1)-C(11)-H(11A) 108.2 
C(12)-C(11)-H(11A) 108.2 
N(1)-C(11)-H(11B) 108.2 
C(12)-C(11)-H(11B) 108.2 
H(11A)-C(11)-H(11B) 107.3 
N(2)-C(12)-C(11) 115.8(3) 
N(2)-C(12)-H(12A) 108.3 
C(11)-C(12)-H(12A) 108.3 
N(2)-C(12)-H(12B) 108.3 
C(11)-C(12)-H(12B) 108.3 
H(12A)-C(12)-H(12B) 107.4 
N(2)-C(13)-C(14) 113.9(3) 
N(2)-C(13)-H(13A) 108.8 
C(14)-C(13)-H(13A) 108.8 
N(2)-C(13)-H(13B) 108.8 
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C(14)-C(13)-H(13B) 108.8 
H(13A)-C(13)-H(13B) 107.7 
N(3)-C(14)-C(13) 112.7(3) 
N(3)-C(14)-H(14A) 109.0 
C(13)-C(14)-H(14A) 109.0 
N(3)-C(14)-H(14B) 109.0 
C(13)-C(14)-H(14B) 109.0 
H(14A)-C(14)-H(14B) 107.8 
N(1)-C(15)-C(16) 111.6(3) 
N(1)-C(15)-H(15A) 109.3 
C(16)-C(15)-H(15A) 109.3 
N(1)-C(15)-H(15B) 109.3 
C(16)-C(15)-H(15B) 109.3 
H(15A)-C(15)-H(15B) 108.0 
N(3)-C(16)-C(15) 110.5(2) 
N(3)-C(16)-H(16A) 109.6 
C(15)-C(16)-H(16A) 109.6 
N(3)-C(16)-H(16B) 109.6 
C(15)-C(16)-H(16B) 109.6 
H(16A)-C(16)-H(16B) 108.1 
N(1)-C(17)-H(17A) 109.5 
N(1)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
N(1)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
N(2)-C(18)-H(18A) 109.5 
N(2)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
N(2)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
N(3)-C(19)-H(19A) 109.5 
N(3)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
N(3)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
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Projection view with 50% thermal ellipsoids: 
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Table D-17.  Crystal data and structure refinement for lm15612. 
Identification code  l15612/lt/Fengrui/Me3tacnPdIV(OH) 
Empirical formula  C19 H34 Cl N3 O5 Pd 
Formula weight  526.34 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pca21 
Unit cell dimensions a = 16.768(5) Å α = 90°. 
 b = 8.477(2) Å β = 90°. 
 c = 14.704(4) Å γ = 90°. 
Volume 2090.1(10) Å3 
Z 4 
Density (calculated) 1.673 Mg/m3 
Absorption coefficient 1.052 mm-1 
F(000) 1088 
Crystal size 0.18 x 0.15 x 0.14 mm3 
Theta range for data collection 2.40 to 27.58°. 
Index ranges -21≤h≤21, -10≤k≤10, -19≤l≤19 
Reflections collected 54583 
Independent reflections 4780 [R(int) = 0.0682] 
Completeness to theta = 27.58° 99.2 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8675 and 0.8324 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4780 / 1 / 268 
Goodness-of-fit on F2 1.036 
Final R indices [I>2sigma(I)] R1 = 0.0215, wR2 = 0.0482 
R indices (all data) R1 = 0.0247, wR2 = 0.0498 
Absolute structure parameter -0.005(18) 
Largest diff. peak and hole 0.273 and -0.516 e.Å-3 
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 Table D-18.   Bond lengths [Å] and angles [°] for  lm15612. 
_____________________________________________________  
Pd(1)-O(1)  2.0185(17) 
Pd(1)-C(1)  2.024(2) 
Pd(1)-C(8)  2.061(2) 
Pd(1)-N(2)  2.117(2) 
Pd(1)-N(3)  2.227(2) 
Pd(1)-N(1)  2.263(2) 
Cl(1)-O(4)  1.432(2) 
Cl(1)-O(2)  1.435(2) 
Cl(1)-O(5)  1.436(2) 
Cl(1)-O(3)  1.444(2) 
O(1)-H(1)  0.8400 
N(1)-C(17)  1.481(3) 
N(1)-C(11)  1.484(3) 
N(1)-C(16)  1.490(3) 
N(2)-C(18)  1.488(3) 
N(2)-C(12)  1.505(3) 
N(2)-C(13)  1.512(3) 
N(3)-C(19)  1.478(3) 
N(3)-C(14)  1.488(3) 
N(3)-C(15)  1.501(3) 
C(1)-C(2)  1.399(3) 
C(1)-C(6)  1.413(3) 
C(2)-C(3)  1.388(4) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.388(4) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.399(3) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.402(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.512(3) 
C(7)-C(8)  1.533(3) 
C(7)-C(10)  1.538(3) 
C(7)-C(9)  1.547(3) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.530(4) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
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C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.505(4) 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(16)  1.492(4) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
 
O(1)-Pd(1)-C(1) 87.29(9) 
O(1)-Pd(1)-C(8) 90.02(8) 
C(1)-Pd(1)-C(8) 81.36(9) 
O(1)-Pd(1)-N(2) 171.73(8) 
C(1)-Pd(1)-N(2) 95.18(9) 
C(8)-Pd(1)-N(2) 98.15(9) 
O(1)-Pd(1)-N(3) 95.83(7) 
C(1)-Pd(1)-N(3) 173.45(8) 
C(8)-Pd(1)-N(3) 92.85(8) 
N(2)-Pd(1)-N(3) 82.54(8) 
O(1)-Pd(1)-N(1) 89.37(7) 
C(1)-Pd(1)-N(1) 105.25(9) 
C(8)-Pd(1)-N(1) 173.32(8) 
N(2)-Pd(1)-N(1) 82.37(8) 
N(3)-Pd(1)-N(1) 80.60(7) 
O(4)-Cl(1)-O(2) 110.34(12) 
O(4)-Cl(1)-O(5) 109.24(15) 
O(2)-Cl(1)-O(5) 110.70(14) 
O(4)-Cl(1)-O(3) 109.25(14) 
O(2)-Cl(1)-O(3) 108.86(14) 
O(5)-Cl(1)-O(3) 108.41(15) 
Pd(1)-O(1)-H(1) 109.5 
C(17)-N(1)-C(11) 112.32(19) 
C(17)-N(1)-C(16) 106.3(2) 
C(11)-N(1)-C(16) 112.3(2) 
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C(17)-N(1)-Pd(1) 116.08(15) 
C(11)-N(1)-Pd(1) 107.64(15) 
C(16)-N(1)-Pd(1) 101.78(14) 
C(18)-N(2)-C(12) 106.7(2) 
C(18)-N(2)-C(13) 109.4(2) 
C(12)-N(2)-C(13) 110.6(2) 
C(18)-N(2)-Pd(1) 115.94(16) 
C(12)-N(2)-Pd(1) 104.49(16) 
C(13)-N(2)-Pd(1) 109.51(15) 
C(19)-N(3)-C(14) 109.86(19) 
C(19)-N(3)-C(15) 109.04(19) 
C(14)-N(3)-C(15) 110.99(19) 
C(19)-N(3)-Pd(1) 115.67(15) 
C(14)-N(3)-Pd(1) 101.74(14) 
C(15)-N(3)-Pd(1) 109.39(15) 
C(2)-C(1)-C(6) 119.3(2) 
C(2)-C(1)-Pd(1) 124.96(18) 
C(6)-C(1)-Pd(1) 115.74(17) 
C(3)-C(2)-C(1) 120.5(2) 
C(3)-C(2)-H(2) 119.7 
C(1)-C(2)-H(2) 119.7 
C(4)-C(3)-C(2) 120.8(2) 
C(4)-C(3)-H(3) 119.6 
C(2)-C(3)-H(3) 119.6 
C(3)-C(4)-C(5) 119.4(2) 
C(3)-C(4)-H(4) 120.3 
C(5)-C(4)-H(4) 120.3 
C(4)-C(5)-C(6) 120.7(2) 
C(4)-C(5)-H(5) 119.7 
C(6)-C(5)-H(5) 119.7 
C(5)-C(6)-C(1) 119.4(2) 
C(5)-C(6)-C(7) 122.7(2) 
C(1)-C(6)-C(7) 117.9(2) 
C(6)-C(7)-C(8) 108.26(19) 
C(6)-C(7)-C(10) 111.0(2) 
C(8)-C(7)-C(10) 110.2(2) 
C(6)-C(7)-C(9) 109.4(2) 
C(8)-C(7)-C(9) 109.32(19) 
C(10)-C(7)-C(9) 108.6(2) 
C(7)-C(8)-Pd(1) 114.92(16) 
C(7)-C(8)-H(8A) 108.5 
Pd(1)-C(8)-H(8A) 108.5 
C(7)-C(8)-H(8B) 108.5 
Pd(1)-C(8)-H(8B) 108.5 
H(8A)-C(8)-H(8B) 107.5 
C(7)-C(9)-H(9A) 109.5 
C(7)-C(9)-H(9B) 109.5 
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H(9A)-C(9)-H(9B) 109.5 
C(7)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(7)-C(10)-H(10A) 109.5 
C(7)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(7)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
N(1)-C(11)-C(12) 112.0(2) 
N(1)-C(11)-H(11A) 109.2 
C(12)-C(11)-H(11A) 109.2 
N(1)-C(11)-H(11B) 109.2 
C(12)-C(11)-H(11B) 109.2 
H(11A)-C(11)-H(11B) 107.9 
N(2)-C(12)-C(11) 113.3(2) 
N(2)-C(12)-H(12A) 108.9 
C(11)-C(12)-H(12A) 108.9 
N(2)-C(12)-H(12B) 108.9 
C(11)-C(12)-H(12B) 108.9 
H(12A)-C(12)-H(12B) 107.7 
C(14)-C(13)-N(2) 113.2(2) 
C(14)-C(13)-H(13A) 108.9 
N(2)-C(13)-H(13A) 108.9 
C(14)-C(13)-H(13B) 108.9 
N(2)-C(13)-H(13B) 108.9 
H(13A)-C(13)-H(13B) 107.7 
N(3)-C(14)-C(13) 111.4(2) 
N(3)-C(14)-H(14A) 109.3 
C(13)-C(14)-H(14A) 109.3 
N(3)-C(14)-H(14B) 109.3 
C(13)-C(14)-H(14B) 109.3 
H(14A)-C(14)-H(14B) 108.0 
C(16)-C(15)-N(3) 111.5(2) 
C(16)-C(15)-H(15A) 109.3 
N(3)-C(15)-H(15A) 109.3 
C(16)-C(15)-H(15B) 109.3 
N(3)-C(15)-H(15B) 109.3 
H(15A)-C(15)-H(15B) 108.0 
N(1)-C(16)-C(15) 113.6(2) 
N(1)-C(16)-H(16A) 108.9 
C(15)-C(16)-H(16A) 108.9 
N(1)-C(16)-H(16B) 108.9 
C(15)-C(16)-H(16B) 108.9 
H(16A)-C(16)-H(16B) 107.7 
N(1)-C(17)-H(17A) 109.5 
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N(1)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
N(1)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
N(2)-C(18)-H(18A) 109.5 
N(2)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
N(2)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
N(3)-C(19)-H(19A) 109.5 
N(3)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
N(3)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
_____________________________________________________________  
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 Projection view with 50% thermal ellipsoids: 
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Table D-19.  Crystal data and structure refinement for lm23312. 
Identification code  l23312/lt/Fengrui/Me3tacnPd(IV) 
Empirical formula  C19 H33 I2 N3 Pd 
Formula weight  663.68 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pca21 
Unit cell dimensions a = 16.110(2) Å α = 90°. 
 b = 8.7912(14) Å β = 90°. 
 c = 15.537(2) Å γ = 90°. 
Volume 2200.3(6) Å3 
Z 4 
Density (calculated) 2.003 Mg/m3 
Absorption coefficient 3.657 mm-1 
F(000) 1280 
Crystal size 0.38 x 0.16 x 0.14 mm3 
Theta range for data collection 2.32 to 39.06°. 
Index ranges -28≤h≤28, -15≤k≤15, -27≤l≤27 
Reflections collected 159143 
Independent reflections 12564 [R(int) = 0.0409] 
Completeness to theta = 39.06° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.6304 and 0.3363 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12564 / 10 / 238 
Goodness-of-fit on F2 1.062 
Final R indices [I>2sigma(I)] R1 = 0.0196, wR2 = 0.0385 
R indices (all data) R1 = 0.0218, wR2 = 0.0391 
Absolute structure parameter -0.010(8) 
Largest diff. peak and hole 1.407 and -0.690 e.Å-3 
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 Table D-20.   Bond lengths [Å] and angles [°] for  lm23312. 
_____________________________________________________  
Pd(1)-C(4)  2.0207(15) 
Pd(1)-C(1)  2.0610(15) 
Pd(1)-N(2)  2.1944(14) 
Pd(1)-N(1)  2.2287(14) 
Pd(1)-N(3)  2.2983(13) 
Pd(1)-I(1)  2.5902(3) 
Pd(1')-C(4)  1.930(6) 
Pd(1')-N(2)  1.970(8) 
Pd(1')-C(1)  2.197(6) 
Pd(1')-N(3)  2.200(6) 
Pd(1')-N(1)  2.339(7) 
Pd(1')-I(1')  2.565(4) 
N(1)-C(15)  1.4821(19) 
N(1)-C(9)  1.485(2) 
N(1)-C(14)  1.487(2) 
N(2)-C(16)  1.478(2) 
N(2)-C(11)  1.493(2) 
N(2)-C(10)  1.507(2) 
C(3)-C(8)  1.398(2) 
C(3)-C(4)  1.402(2) 
C(3)-C(2)  1.504(2) 
N(3)-C(17)  1.479(2) 
N(3)-C(13)  1.490(2) 
N(3)-C(12)  1.497(2) 
C(4)-C(5)  1.393(2) 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(5)-C(6)  1.393(2) 
C(5)-H(5)  0.9500 
C(1)-C(2)  1.531(2) 
C(1)-H(1A)  0.9900 
C(1)-H(1B)  0.9900 
C(14)-C(13)  1.509(2) 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(13)-H(13A)  0.9900 
C(13)-H(13B)  0.9900 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(2)-C(19)  1.539(2) 
C(2)-C(18)  1.541(2) 
C(11)-C(12)  1.516(3) 
C(11)-H(11A)  0.9900 
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C(11)-H(11B)  0.9900 
C(9)-C(10)  1.514(2) 
C(9)-H(9A)  0.9900 
C(9)-H(9B)  0.9900 
C(8)-C(7)  1.392(2) 
C(8)-H(8)  0.9500 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(6)-C(7)  1.383(2) 
C(6)-H(6)  0.9500 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(10)-H(10A)  0.9900 
C(10)-H(10B)  0.9900 
C(7)-H(7)  0.9500 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
 
C(4)-Pd(1)-C(1) 81.42(6) 
C(4)-Pd(1)-N(2) 92.52(6) 
C(1)-Pd(1)-N(2) 96.60(6) 
C(4)-Pd(1)-N(1) 171.17(6) 
C(1)-Pd(1)-N(1) 92.91(6) 
N(2)-Pd(1)-N(1) 81.36(5) 
C(4)-Pd(1)-N(3) 105.56(6) 
C(1)-Pd(1)-N(3) 172.63(6) 
N(2)-Pd(1)-N(3) 80.94(6) 
N(1)-Pd(1)-N(3) 79.88(5) 
C(4)-Pd(1)-I(1) 88.66(4) 
C(1)-Pd(1)-I(1) 88.48(5) 
N(2)-Pd(1)-I(1) 174.90(4) 
N(1)-Pd(1)-I(1) 97.99(4) 
N(3)-Pd(1)-I(1) 93.97(4) 
C(4)-Pd(1')-N(2) 102.8(4) 
C(4)-Pd(1')-C(1) 80.1(2) 
N(2)-Pd(1')-C(1) 99.3(3) 
C(4)-Pd(1')-N(3) 112.8(3) 
N(2)-Pd(1')-N(3) 88.6(3) 
C(1)-Pd(1')-N(3) 163.2(4) 
C(4)-Pd(1')-N(1) 165.9(4) 
N(2)-Pd(1')-N(1) 83.5(2) 
C(1)-Pd(1')-N(1) 86.6(3) 
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N(3)-Pd(1')-N(1) 79.58(19) 
C(4)-Pd(1')-I(1') 79.6(3) 
N(2)-Pd(1')-I(1') 176.2(3) 
C(1)-Pd(1')-I(1') 78.2(3) 
N(3)-Pd(1')-I(1') 93.1(2) 
N(1)-Pd(1')-I(1') 93.5(2) 
C(15)-N(1)-C(9) 108.30(13) 
C(15)-N(1)-C(14) 109.74(12) 
C(9)-N(1)-C(14) 111.03(13) 
C(15)-N(1)-Pd(1) 115.25(10) 
C(9)-N(1)-Pd(1) 102.15(9) 
C(14)-N(1)-Pd(1) 110.14(10) 
C(15)-N(1)-Pd(1') 121.7(2) 
C(9)-N(1)-Pd(1') 98.14(19) 
C(14)-N(1)-Pd(1') 107.26(17) 
C(16)-N(2)-C(11) 108.14(13) 
C(16)-N(2)-C(10) 109.59(14) 
C(11)-N(2)-C(10) 110.75(13) 
C(16)-N(2)-Pd(1') 115.36(19) 
C(11)-N(2)-Pd(1') 99.4(2) 
C(10)-N(2)-Pd(1') 113.0(2) 
C(16)-N(2)-Pd(1) 115.83(11) 
C(11)-N(2)-Pd(1) 103.49(10) 
C(10)-N(2)-Pd(1) 108.88(9) 
C(8)-C(3)-C(4) 119.25(15) 
C(8)-C(3)-C(2) 122.32(14) 
C(4)-C(3)-C(2) 118.42(13) 
C(17)-N(3)-C(13) 107.04(13) 
C(17)-N(3)-C(12) 110.00(12) 
C(13)-N(3)-C(12) 111.04(13) 
C(17)-N(3)-Pd(1') 119.93(19) 
C(13)-N(3)-Pd(1') 107.4(2) 
C(12)-N(3)-Pd(1') 101.3(2) 
C(17)-N(3)-Pd(1) 119.27(10) 
C(13)-N(3)-Pd(1) 101.88(9) 
C(12)-N(3)-Pd(1) 107.30(10) 
C(5)-C(4)-C(3) 119.90(14) 
C(5)-C(4)-Pd(1') 118.7(2) 
C(3)-C(4)-Pd(1') 120.0(2) 
C(5)-C(4)-Pd(1) 123.91(11) 
C(3)-C(4)-Pd(1) 115.85(11) 
N(3)-C(17)-H(17A) 109.5 
N(3)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
N(3)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
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C(4)-C(5)-C(6) 120.15(14) 
C(4)-C(5)-H(5) 119.9 
C(6)-C(5)-H(5) 119.9 
C(2)-C(1)-Pd(1) 115.08(11) 
C(2)-C(1)-Pd(1') 112.4(2) 
C(2)-C(1)-H(1A) 108.5 
Pd(1)-C(1)-H(1A) 108.5 
Pd(1')-C(1)-H(1A) 115.1 
C(2)-C(1)-H(1B) 108.5 
Pd(1)-C(1)-H(1B) 108.5 
Pd(1')-C(1)-H(1B) 104.4 
H(1A)-C(1)-H(1B) 107.5 
N(1)-C(14)-C(13) 112.57(13) 
N(1)-C(14)-H(14A) 109.1 
C(13)-C(14)-H(14A) 109.1 
N(1)-C(14)-H(14B) 109.1 
C(13)-C(14)-H(14B) 109.1 
H(14A)-C(14)-H(14B) 107.8 
N(3)-C(13)-C(14) 112.70(14) 
N(3)-C(13)-H(13A) 109.1 
C(14)-C(13)-H(13A) 109.1 
N(3)-C(13)-H(13B) 109.1 
C(14)-C(13)-H(13B) 109.1 
H(13A)-C(13)-H(13B) 107.8 
N(1)-C(15)-H(15A) 109.5 
N(1)-C(15)-H(15B) 109.5 
H(15A)-C(15)-H(15B) 109.5 
N(1)-C(15)-H(15C) 109.5 
H(15A)-C(15)-H(15C) 109.5 
H(15B)-C(15)-H(15C) 109.5 
C(3)-C(2)-C(1) 107.77(12) 
C(3)-C(2)-C(19) 111.20(13) 
C(1)-C(2)-C(19) 108.12(16) 
C(3)-C(2)-C(18) 110.30(15) 
C(1)-C(2)-C(18) 112.23(13) 
C(19)-C(2)-C(18) 107.24(14) 
N(2)-C(11)-C(12) 113.36(13) 
N(2)-C(11)-H(11A) 108.9 
C(12)-C(11)-H(11A) 108.9 
N(2)-C(11)-H(11B) 108.9 
C(12)-C(11)-H(11B) 108.9 
H(11A)-C(11)-H(11B) 107.7 
N(1)-C(9)-C(10) 111.89(14) 
N(1)-C(9)-H(9A) 109.2 
C(10)-C(9)-H(9A) 109.2 
N(1)-C(9)-H(9B) 109.2 
C(10)-C(9)-H(9B) 109.2 
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H(9A)-C(9)-H(9B) 107.9 
C(7)-C(8)-C(3) 120.53(15) 
C(7)-C(8)-H(8) 119.7 
C(3)-C(8)-H(8) 119.7 
C(2)-C(18)-H(18A) 109.5 
C(2)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
C(2)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
C(7)-C(6)-C(5) 120.27(15) 
C(7)-C(6)-H(6) 119.9 
C(5)-C(6)-H(6) 119.9 
N(3)-C(12)-C(11) 112.16(13) 
N(3)-C(12)-H(12A) 109.2 
C(11)-C(12)-H(12A) 109.2 
N(3)-C(12)-H(12B) 109.2 
C(11)-C(12)-H(12B) 109.2 
H(12A)-C(12)-H(12B) 107.9 
N(2)-C(10)-C(9) 112.54(13) 
N(2)-C(10)-H(10A) 109.1 
C(9)-C(10)-H(10A) 109.1 
N(2)-C(10)-H(10B) 109.1 
C(9)-C(10)-H(10B) 109.1 
H(10A)-C(10)-H(10B) 107.8 
C(6)-C(7)-C(8) 119.88(15) 
C(6)-C(7)-H(7) 120.1 
C(8)-C(7)-H(7) 120.1 
C(2)-C(19)-H(19A) 109.5 
C(2)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
C(2)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
N(2)-C(16)-H(16A) 109.5 
N(2)-C(16)-H(16B) 109.5 
H(16A)-C(16)-H(16B) 109.5 
N(2)-C(16)-H(16C) 109.5 
H(16A)-C(16)-H(16C) 109.5 
H(16B)-C(16)-H(16C) 109.5 
_____________________________________________________________  
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Projection view with 50% probability ellipsoids: 
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Table D-21.  Crystal data and structure refinement for lm5513. 
Identification code l5513/lt/Fengrui 
Empirical formula  C19 H33 Cl2 N3 O4 Pd 
Formula weight 544.78 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P c a 21 
Unit cell dimensions a = 16.5967(7) Å α =  90° .
b = 8.3780(4) Å β =  90° .
c = 15.0330(6) Å γ =  90° .
Volume 2090.30(16) Å3 
Z 4 
Density (calculated) 1.731 Mg/m3 
Absorption coefficient 1.176 mm-1 
F(000) 1120 
Crystal size 0.258 x 0.257 x 0.251 mm3 
Theta range for data collection 2.431 to 38.999°. 
Index ranges -29≤h≤29, -14≤k≤14, -24≤l≤26 
Reflections collected 79064 
Independent reflections 11727 [R(int) = 0.0439] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8032 and 0.7252 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11727 / 24 / 295 
Goodness-of-fit on F2 1.043 
Final R indices [I>2sigma(I)] R1 = 0.0264, wR2 = 0.0597 
R indices (all data) R1 = 0.0307, wR2 = 0.0613 
Absolute structure parameter -0.002(7) 
Extinction coefficient n/a 
Largest diff. peak and hole 1.843 and -1.100 e.Å-3 
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 Table D-22.   Bond lengths [Å] and angles [°] for  lm5513. 
_____________________________________________________  
Pd(1)-C(1)  2.0170(19) 
Pd(1)-C(8)  2.0592(19) 
Pd(1)-N(3)  2.1035(19) 
Pd(1)-N(1)  2.2144(17) 
Pd(1)-Cl(1)  2.2490(7) 
Pd(1)-Cl(1')  2.249(6) 
Pd(1)-N(2)  2.2651(17) 
N(1)-C(17)  1.479(3) 
N(1)-C(11)  1.489(3) 
N(1)-C(16)  1.491(3) 
N(2)-C(18)  1.483(3) 
N(2)-C(15)  1.486(3) 
N(2)-C(14)  1.489(3) 
N(3)-C(19)  1.488(3) 
N(3)-C(13)  1.502(3) 
N(3)-C(12)  1.510(3) 
C(1)-C(2)  1.395(3) 
C(1)-C(6)  1.401(3) 
C(2)-C(3)  1.392(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.386(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.386(3) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.398(3) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.507(3) 
C(7)-C(8)  1.534(3) 
C(7)-C(9)  1.537(3) 
C(7)-C(10)  1.542(3) 
C(8)-H(8A)  0.9900 
C(8)-H(8B)  0.9900 
C(9)-H(9A)  0.9800 
C(9)-H(9B)  0.9800 
C(9)-H(9C)  0.9800 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-C(12)  1.515(3) 
C(11)-H(11A)  0.9900 
C(11)-H(11B)  0.9900 
C(12)-H(12A)  0.9900 
C(12)-H(12B)  0.9900 
C(13)-C(14)  1.517(3) 
C(13)-H(13A)  0.9900 
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C(13)-H(13B)  0.9900 
C(14)-H(14A)  0.9900 
C(14)-H(14B)  0.9900 
C(15)-C(16)  1.506(3) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
C(19)-H(19A)  0.9800 
C(19)-H(19B)  0.9800 
C(19)-H(19C)  0.9800 
Cl(2)-O(3)  1.430(6) 
Cl(2)-O(4)  1.442(5) 
Cl(2)-O(2)  1.442(3) 
Cl(2)-O(1)  1.457(4) 
Cl(2')-O(1)  1.329(17) 
Cl(2')-O(2)  1.347(15) 
Cl(2')-O(4')  1.490(18) 
Cl(2')-O(3')  1.68(3) 
 
C(1)-Pd(1)-C(8) 81.36(7) 
C(1)-Pd(1)-N(3) 95.16(8) 
C(8)-Pd(1)-N(3) 97.65(8) 
C(1)-Pd(1)-N(1) 173.35(7) 
C(8)-Pd(1)-N(1) 92.71(7) 
N(3)-Pd(1)-N(1) 82.59(7) 
C(1)-Pd(1)-Cl(1) 87.02(6) 
C(8)-Pd(1)-Cl(1) 88.60(6) 
N(3)-Pd(1)-Cl(1) 173.62(5) 
N(1)-Pd(1)-Cl(1) 95.89(5) 
C(1)-Pd(1)-Cl(1') 91.9(4) 
C(8)-Pd(1)-Cl(1') 110.1(4) 
N(3)-Pd(1)-Cl(1') 152.1(4) 
N(1)-Pd(1)-Cl(1') 93.0(4) 
C(1)-Pd(1)-N(2) 105.87(7) 
C(8)-Pd(1)-N(2) 172.75(7) 
N(3)-Pd(1)-N(2) 82.34(7) 
N(1)-Pd(1)-N(2) 80.09(6) 
Cl(1)-Pd(1)-N(2) 91.31(5) 
Cl(1')-Pd(1)-N(2) 69.8(4) 
C(17)-N(1)-C(11) 110.33(17) 
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C(17)-N(1)-C(16) 109.25(16) 
C(11)-N(1)-C(16) 110.18(17) 
C(17)-N(1)-Pd(1) 114.68(13) 
C(11)-N(1)-Pd(1) 102.00(12) 
C(16)-N(1)-Pd(1) 110.19(12) 
C(18)-N(2)-C(15) 106.19(18) 
C(18)-N(2)-C(14) 112.09(18) 
C(15)-N(2)-C(14) 112.04(19) 
C(18)-N(2)-Pd(1) 116.68(15) 
C(15)-N(2)-Pd(1) 102.50(12) 
C(14)-N(2)-Pd(1) 107.02(13) 
C(19)-N(3)-C(13) 107.15(17) 
C(19)-N(3)-C(12) 108.94(18) 
C(13)-N(3)-C(12) 110.90(18) 
C(19)-N(3)-Pd(1) 115.51(15) 
C(13)-N(3)-Pd(1) 104.22(14) 
C(12)-N(3)-Pd(1) 110.00(13) 
C(2)-C(1)-C(6) 119.49(18) 
C(2)-C(1)-Pd(1) 124.59(15) 
C(6)-C(1)-Pd(1) 115.87(13) 
C(3)-C(2)-C(1) 120.42(19) 
C(3)-C(2)-H(2) 119.8 
C(1)-C(2)-H(2) 119.8 
C(4)-C(3)-C(2) 120.04(18) 
C(4)-C(3)-H(3) 120.0 
C(2)-C(3)-H(3) 120.0 
C(3)-C(4)-C(5) 119.99(19) 
C(3)-C(4)-H(4) 120.0 
C(5)-C(4)-H(4) 120.0 
C(4)-C(5)-C(6) 120.55(19) 
C(4)-C(5)-H(5) 119.7 
C(6)-C(5)-H(5) 119.7 
C(5)-C(6)-C(1) 119.48(18) 
C(5)-C(6)-C(7) 122.22(17) 
C(1)-C(6)-C(7) 118.27(17) 
C(6)-C(7)-C(8) 108.03(16) 
C(6)-C(7)-C(9) 110.57(18) 
C(8)-C(7)-C(9) 110.93(16) 
C(6)-C(7)-C(10) 110.27(16) 
C(8)-C(7)-C(10) 108.27(17) 
C(9)-C(7)-C(10) 108.75(17) 
C(7)-C(8)-Pd(1) 114.70(13) 
C(7)-C(8)-H(8A) 108.6 
Pd(1)-C(8)-H(8A) 108.6 
C(7)-C(8)-H(8B) 108.6 
Pd(1)-C(8)-H(8B) 108.6 
H(8A)-C(8)-H(8B) 107.6 
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C(7)-C(9)-H(9A) 109.5 
C(7)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(7)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(7)-C(10)-H(10A) 109.5 
C(7)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(7)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
N(1)-C(11)-C(12) 110.88(17) 
N(1)-C(11)-H(11A) 109.5 
C(12)-C(11)-H(11A) 109.5 
N(1)-C(11)-H(11B) 109.5 
C(12)-C(11)-H(11B) 109.5 
H(11A)-C(11)-H(11B) 108.1 
N(3)-C(12)-C(11) 112.75(19) 
N(3)-C(12)-H(12A) 109.0 
C(11)-C(12)-H(12A) 109.0 
N(3)-C(12)-H(12B) 109.0 
C(11)-C(12)-H(12B) 109.0 
H(12A)-C(12)-H(12B) 107.8 
N(3)-C(13)-C(14) 112.99(18) 
N(3)-C(13)-H(13A) 109.0 
C(14)-C(13)-H(13A) 109.0 
N(3)-C(13)-H(13B) 109.0 
C(14)-C(13)-H(13B) 109.0 
H(13A)-C(13)-H(13B) 107.8 
N(2)-C(14)-C(13) 111.64(18) 
N(2)-C(14)-H(14A) 109.3 
C(13)-C(14)-H(14A) 109.3 
N(2)-C(14)-H(14B) 109.3 
C(13)-C(14)-H(14B) 109.3 
H(14A)-C(14)-H(14B) 108.0 
N(2)-C(15)-C(16) 112.24(18) 
N(2)-C(15)-H(15A) 109.2 
C(16)-C(15)-H(15A) 109.2 
N(2)-C(15)-H(15B) 109.2 
C(16)-C(15)-H(15B) 109.2 
H(15A)-C(15)-H(15B) 107.9 
N(1)-C(16)-C(15) 111.21(18) 
N(1)-C(16)-H(16A) 109.4 
C(15)-C(16)-H(16A) 109.4 
N(1)-C(16)-H(16B) 109.4 
C(15)-C(16)-H(16B) 109.4 
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H(16A)-C(16)-H(16B) 108.0 
N(1)-C(17)-H(17A) 109.5 
N(1)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 109.5 
N(1)-C(17)-H(17C) 109.5 
H(17A)-C(17)-H(17C) 109.5 
H(17B)-C(17)-H(17C) 109.5 
N(2)-C(18)-H(18A) 109.5 
N(2)-C(18)-H(18B) 109.5 
H(18A)-C(18)-H(18B) 109.5 
N(2)-C(18)-H(18C) 109.5 
H(18A)-C(18)-H(18C) 109.5 
H(18B)-C(18)-H(18C) 109.5 
N(3)-C(19)-H(19A) 109.5 
N(3)-C(19)-H(19B) 109.5 
H(19A)-C(19)-H(19B) 109.5 
N(3)-C(19)-H(19C) 109.5 
H(19A)-C(19)-H(19C) 109.5 
H(19B)-C(19)-H(19C) 109.5 
O(3)-Cl(2)-O(4) 115.6(19) 
O(3)-Cl(2)-O(2) 110.6(7) 
O(4)-Cl(2)-O(2) 104.1(11) 
O(3)-Cl(2)-O(1) 111.2(7) 
O(4)-Cl(2)-O(1) 107.1(6) 
O(2)-Cl(2)-O(1) 107.6(3) 
O(1)-Cl(2')-O(2) 121.9(16) 
O(1)-Cl(2')-O(4') 114.4(12) 
O(2)-Cl(2')-O(4') 117.4(12) 
O(1)-Cl(2')-O(3') 101.1(15) 
O(2)-Cl(2')-O(3') 98.5(15) 
O(4')-Cl(2')-O(3') 95.3(18) 
_____________________________________________________________  
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 Projection view with 50% probability ellipsoids: 
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Table D-23.  Crystal data and structure refinement for lm16710. 
Identification code m16710 
Empirical formula  C118 H124 Cl8 Co4 N18 O19 
Formula weight 2617.67 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  I2/a 
Unit cell dimensions a = 24.2723(18) Å 
b = 16.9004(12) Å 
c = 29.531(2) Å 
α  = 90°. 
β = 95.933(4)°. 
γ = 90°. 
Volume 12049.2(15) Å3 
Z 4 
Density (calculated) 1.443 Mg/m3 
Absorption coefficient 0.792 mm-1 
F(000) 5416 
Crystal size 0.45 x 0.41 x 0.28 mm3 
Theta range for data collection 1.39 to 25.00°. 
Index ranges -28≤h≤28, -20≤k≤20, -35≤l≤35 
Reflections collected 145422 
Independent reflections 10612 [R(int) = 0.0447] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8063 and 0.7164 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10612 / 52 / 784 
Goodness-of-fit on F2 1.052 
Final R indices [I>2sigma(I)] R1 = 0.0773, wR2 = 0.2034 
R indices (all data) R1 = 0.1008, wR2 = 0.2396 
Largest diff. peak and hole 1.517 and -1.671 e.Å-3 
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Table D-24.   Bond lengths [Å] and angles [°] for lm16710. 
_____________________________________________________  
Co(1)-N(2)  2.035(6) 
Co(1)-N(3)  2.056(5) 
Co(1)-N(1)  2.057(5) 
Co(1)-N(4)  2.210(4) 
Co(1)-Cl(1)  2.2742(17) 
Co(2)-N(5)  2.036(5) 
Co(2)-N(6)  2.054(5) 
Co(2)-N(7)  2.057(5) 
Co(2)-N(8)  2.210(4) 
Co(2)-Cl(2)  2.2652(15) 
Cl(3)-O(2)  1.394(4) 
Cl(3)-O(4)  1.399(5) 
Cl(3)-O(4')  1.404(5) 
Cl(3)-O(5A)  1.408(5) 
Cl(3)-O(5')  1.408(5) 
Cl(3)-O(3)  1.409(4) 
Cl(3)-O(5)  1.418(5) 
Cl(4)-O(7)#1  1.341(8) 
Cl(4)-O(7)  1.341(8) 
Cl(4)-O(6)#1  1.357(7) 
Cl(4)-O(6)  1.357(7) 
Cl(5)-O(9)#1  1.351(7) 
Cl(5)-O(9)  1.351(7) 
Cl(5)-O(8)#1  1.354(8) 
Cl(5)-O(8)  1.354(8) 
O(1)-C(47)  1.380(6) 
O(1)-C(48)  1.386(6) 
N(1)-C(5)  1.331(7) 
N(1)-C(1)  1.342(7) 
N(2)-C(10)  1.336(9) 
N(2)-C(6)  1.346(9) 
N(3)-C(11)  1.332(8) 
N(3)-C(15)  1.345(7) 
N(4)-C(18)  1.462(8) 
N(4)-C(17)  1.464(8) 
N(4)-C(16)  1.480(7) 
N(5)-C(19)  1.345(7) 
N(5)-C(23)  1.345(7) 
N(6)-C(28)  1.328(7) 
N(6)-C(24)  1.351(7) 
N(7)-C(29)  1.342(8) 
N(7)-C(33)  1.344(8) 
N(8)-C(34)  1.466(7) 
N(8)-C(36)  1.467(7) 
N(8)-C(35)  1.475(8) 
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C(1)-C(2)  1.375(8) 
C(1)-C(16)  1.497(8) 
C(2)-C(3)  1.390(8) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.398(8) 
C(3)-C(37)  1.480(7) 
C(4)-C(5)  1.368(8) 
C(4)-H(4)  0.9500 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.374(14) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.369(17) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.386(16) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.358(11) 
C(9)-H(9)  0.9500 
C(10)-C(17)  1.518(10) 
C(11)-C(12)  1.390(10) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.358(11) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.371(11) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.379(9) 
C(14)-H(14)  0.9500 
C(15)-C(18)  1.493(9) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.358(8) 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.399(7) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.385(7) 
C(21)-C(46)  1.474(7) 
C(22)-C(23)  1.394(7) 
C(22)-H(22)  0.9500 
C(23)-C(34)  1.496(7) 
C(24)-C(25)  1.375(9) 
C(24)-C(35)  1.501(8) 
C(25)-C(26)  1.377(10) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.379(10) 
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C(26)-H(26)  0.9500 
C(27)-C(28)  1.374(9) 
C(27)-H(27)  0.9500 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.381(9) 
C(29)-C(36)  1.507(8) 
C(30)-C(31)  1.385(10) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.360(12) 
C(31)-H(31)  0.9500 
C(32)-C(33)  1.358(11) 
C(32)-H(32)  0.9500 
C(33)-H(33)  0.9500 
C(34)-H(34A)  0.9900 
C(34)-H(34B)  0.9900 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-C(48)  1.386(7) 
C(37)-C(38)  1.393(8) 
C(38)-C(39)  1.387(8) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.398(8) 
C(39)-C(49)  1.511(8) 
C(40)-C(41)  1.387(8) 
C(40)-H(40)  0.9500 
C(41)-C(48)  1.394(7) 
C(41)-C(42)  1.442(7) 
C(42)-C(47)  1.387(7) 
C(42)-C(43)  1.404(7) 
C(43)-C(44)  1.387(7) 
C(43)-H(43)  0.9500 
C(44)-C(45)  1.407(8) 
C(44)-C(53)  1.508(7) 
C(45)-C(46)  1.388(7) 
C(45)-H(45)  0.9500 
C(46)-C(47)  1.383(7) 
C(49)-C(50)  1.499(9) 
C(49)-H(49A)  0.9900 
C(49)-H(49B)  0.9900 
C(50)-C(51)  1.519(9) 
C(50)-H(50A)  0.9900 
C(50)-H(50B)  0.9900 
C(51)-C(52)  1.487(11) 
C(51)-H(51A)  0.9900 
C(51)-H(51B)  0.9900 
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C(52)-H(52A)  0.9800 
C(52)-H(52B)  0.9800 
C(52)-H(52C)  0.9800 
C(53)-C(54)  1.496(8) 
C(53)-H(53A)  0.9900 
C(53)-H(53B)  0.9900 
C(54)-C(55)  1.528(9) 
C(54)-H(54A)  0.9900 
C(54)-H(54B)  0.9900 
C(55)-C(56)  1.399(14) 
C(55)-C(56')  1.403(14) 
C(55)-H(55A)  0.9900 
C(55)-H(55B)  0.9900 
C(56)-H(56A)  0.9800 
C(56)-H(56B)  0.9800 
C(56)-H(56C)  0.9800 
C(56')-H(56D)  0.9800 
C(56')-H(56E)  0.9800 
C(56')-H(56F)  0.9800 
N(1S)-C(1S)  1.1703 
C(1S)-C(2S)  1.6867 
C(2S)-H(2SA)  0.9800 
C(2S)-H(2SB)  0.9800 
C(2S)-H(2SC)  0.9800 
O(1S)-C(3S)  1.3575 
O(1S)-H(1SA)  0.8400 
C(3S)-C(4S)  1.5596 
C(3S)-H(3SA)  0.9900 
C(3S)-H(3SB)  0.9900 
C(4S)-H(4SA)  0.9800 
C(4S)-H(4SB)  0.9800 
C(4S)-H(4SC)  0.9800 
 
N(2)-Co(1)-N(3) 117.8(2) 
N(2)-Co(1)-N(1) 114.0(2) 
N(3)-Co(1)-N(1) 114.32(19) 
N(2)-Co(1)-N(4) 77.3(2) 
N(3)-Co(1)-N(4) 77.25(19) 
N(1)-Co(1)-N(4) 77.65(17) 
N(2)-Co(1)-Cl(1) 103.53(17) 
N(3)-Co(1)-Cl(1) 100.87(15) 
N(1)-Co(1)-Cl(1) 103.46(13) 
N(4)-Co(1)-Cl(1) 178.11(14) 
N(5)-Co(2)-N(6) 116.55(18) 
N(5)-Co(2)-N(7) 113.78(19) 
N(6)-Co(2)-N(7) 116.37(19) 
N(5)-Co(2)-N(8) 77.29(16) 
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N(6)-Co(2)-N(8) 78.22(17) 
N(7)-Co(2)-N(8) 77.48(17) 
N(5)-Co(2)-Cl(2) 104.00(13) 
N(6)-Co(2)-Cl(2) 102.00(13) 
N(7)-Co(2)-Cl(2) 100.98(14) 
N(8)-Co(2)-Cl(2) 178.33(13) 
O(2)-Cl(3)-O(4) 109.8(5) 
O(2)-Cl(3)-O(4') 155.5(6) 
O(4)-Cl(3)-O(4') 63.5(6) 
O(2)-Cl(3)-O(5A) 67(2) 
O(4)-Cl(3)-O(5A) 105(2) 
O(4')-Cl(3)-O(5A) 91(2) 
O(2)-Cl(3)-O(5') 96.9(9) 
O(4)-Cl(3)-O(5') 42.8(10) 
O(4')-Cl(3)-O(5') 92.3(11) 
O(5A)-Cl(3)-O(5') 139.3(19) 
O(2)-Cl(3)-O(3) 109.5(4) 
O(4)-Cl(3)-O(3) 126.6(5) 
O(4')-Cl(3)-O(3) 91.5(6) 
O(5A)-Cl(3)-O(3) 122.6(19) 
O(5')-Cl(3)-O(3) 97.9(8) 
O(2)-Cl(3)-O(5) 95.5(6) 
O(4)-Cl(3)-O(5) 105.2(7) 
O(4')-Cl(3)-O(5) 65.9(7) 
O(5A)-Cl(3)-O(5) 30(2) 
O(5')-Cl(3)-O(5) 148.0(12) 
O(3)-Cl(3)-O(5) 105.5(7) 
O(7)#1-Cl(4)-O(7) 109.3(11) 
O(7)#1-Cl(4)-O(6)#1 110.6(7) 
O(7)-Cl(4)-O(6)#1 107.2(7) 
O(7)#1-Cl(4)-O(6) 107.2(7) 
O(7)-Cl(4)-O(6) 110.6(7) 
O(6)#1-Cl(4)-O(6) 112.0(7) 
O(9)#1-Cl(5)-O(9) 109.1(10) 
O(9)#1-Cl(5)-O(8)#1 106.8(5) 
O(9)-Cl(5)-O(8)#1 114.9(8) 
O(9)#1-Cl(5)-O(8) 114.9(8) 
O(9)-Cl(5)-O(8) 106.8(5) 
O(8)#1-Cl(5)-O(8) 104.5(11) 
C(47)-O(1)-C(48) 105.6(4) 
C(5)-N(1)-C(1) 118.1(5) 
C(5)-N(1)-Co(1) 124.4(4) 
C(1)-N(1)-Co(1) 117.2(4) 
C(10)-N(2)-C(6) 118.5(7) 
C(10)-N(2)-Co(1) 117.9(4) 
C(6)-N(2)-Co(1) 123.5(6) 
C(11)-N(3)-C(15) 118.4(6) 
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C(11)-N(3)-Co(1) 124.2(4) 
C(15)-N(3)-Co(1) 117.3(4) 
C(18)-N(4)-C(17) 111.8(5) 
C(18)-N(4)-C(16) 111.5(4) 
C(17)-N(4)-C(16) 112.1(5) 
C(18)-N(4)-Co(1) 107.8(4) 
C(17)-N(4)-Co(1) 107.0(3) 
C(16)-N(4)-Co(1) 106.3(3) 
C(19)-N(5)-C(23) 118.7(5) 
C(19)-N(5)-Co(2) 122.9(3) 
C(23)-N(5)-Co(2) 118.4(4) 
C(28)-N(6)-C(24) 118.4(5) 
C(28)-N(6)-Co(2) 123.9(4) 
C(24)-N(6)-Co(2) 117.5(4) 
C(29)-N(7)-C(33) 118.9(6) 
C(29)-N(7)-Co(2) 117.8(4) 
C(33)-N(7)-Co(2) 123.2(5) 
C(34)-N(8)-C(36) 111.9(4) 
C(34)-N(8)-C(35) 112.2(4) 
C(36)-N(8)-C(35) 111.8(4) 
C(34)-N(8)-Co(2) 108.0(3) 
C(36)-N(8)-Co(2) 106.6(3) 
C(35)-N(8)-Co(2) 106.1(3) 
N(1)-C(1)-C(2) 122.6(5) 
N(1)-C(1)-C(16) 115.8(5) 
C(2)-C(1)-C(16) 121.6(5) 
C(1)-C(2)-C(3) 119.6(5) 
C(1)-C(2)-H(2) 120.2 
C(3)-C(2)-H(2) 120.2 
C(2)-C(3)-C(4) 117.0(5) 
C(2)-C(3)-C(37) 121.9(5) 
C(4)-C(3)-C(37) 121.1(5) 
C(5)-C(4)-C(3) 119.8(5) 
C(5)-C(4)-H(4) 120.1 
C(3)-C(4)-H(4) 120.1 
N(1)-C(5)-C(4) 122.8(5) 
N(1)-C(5)-H(5) 118.6 
C(4)-C(5)-H(5) 118.6 
N(2)-C(6)-C(7) 121.7(10) 
N(2)-C(6)-H(6) 119.2 
C(7)-C(6)-H(6) 119.2 
C(8)-C(7)-C(6) 118.9(9) 
C(8)-C(7)-H(7) 120.5 
C(6)-C(7)-H(7) 120.5 
C(7)-C(8)-C(9) 119.6(10) 
C(7)-C(8)-H(8) 120.2 
C(9)-C(8)-H(8) 120.2 
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C(10)-C(9)-C(8) 118.2(11) 
C(10)-C(9)-H(9) 120.9 
C(8)-C(9)-H(9) 120.9 
N(2)-C(10)-C(9) 123.0(8) 
N(2)-C(10)-C(17) 116.0(6) 
C(9)-C(10)-C(17) 120.9(8) 
N(3)-C(11)-C(12) 122.0(7) 
N(3)-C(11)-H(11) 119.0 
C(12)-C(11)-H(11) 119.0 
C(13)-C(12)-C(11) 119.0(7) 
C(13)-C(12)-H(12) 120.5 
C(11)-C(12)-H(12) 120.5 
C(12)-C(13)-C(14) 119.8(7) 
C(12)-C(13)-H(13) 120.1 
C(14)-C(13)-H(13) 120.1 
C(13)-C(14)-C(15) 118.8(7) 
C(13)-C(14)-H(14) 120.6 
C(15)-C(14)-H(14) 120.6 
N(3)-C(15)-C(14) 122.0(6) 
N(3)-C(15)-C(18) 116.7(5) 
C(14)-C(15)-C(18) 121.2(6) 
N(4)-C(16)-C(1) 108.6(5) 
N(4)-C(16)-H(16A) 110.0 
C(1)-C(16)-H(16A) 110.0 
N(4)-C(16)-H(16B) 110.0 
C(1)-C(16)-H(16B) 110.0 
H(16A)-C(16)-H(16B) 108.3 
N(4)-C(17)-C(10) 108.4(5) 
N(4)-C(17)-H(17A) 110.0 
C(10)-C(17)-H(17A) 110.0 
N(4)-C(17)-H(17B) 110.0 
C(10)-C(17)-H(17B) 110.0 
H(17A)-C(17)-H(17B) 108.4 
N(4)-C(18)-C(15) 110.2(5) 
N(4)-C(18)-H(18A) 109.6 
C(15)-C(18)-H(18A) 109.6 
N(4)-C(18)-H(18B) 109.6 
C(15)-C(18)-H(18B) 109.6 
H(18A)-C(18)-H(18B) 108.1 
N(5)-C(19)-C(20) 122.7(5) 
N(5)-C(19)-H(19) 118.6 
C(20)-C(19)-H(19) 118.6 
C(19)-C(20)-C(21) 120.0(5) 
C(19)-C(20)-H(20) 120.0 
C(21)-C(20)-H(20) 120.0 
C(22)-C(21)-C(20) 117.3(5) 
C(22)-C(21)-C(46) 121.0(5) 
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C(20)-C(21)-C(46) 121.7(5) 
C(21)-C(22)-C(23) 120.1(5) 
C(21)-C(22)-H(22) 120.0 
C(23)-C(22)-H(22) 120.0 
N(5)-C(23)-C(22) 121.2(5) 
N(5)-C(23)-C(34) 116.0(5) 
C(22)-C(23)-C(34) 122.7(4) 
N(6)-C(24)-C(25) 121.6(6) 
N(6)-C(24)-C(35) 115.0(5) 
C(25)-C(24)-C(35) 123.4(5) 
C(24)-C(25)-C(26) 119.3(6) 
C(24)-C(25)-H(25) 120.3 
C(26)-C(25)-H(25) 120.3 
C(25)-C(26)-C(27) 119.1(7) 
C(25)-C(26)-H(26) 120.5 
C(27)-C(26)-H(26) 120.5 
C(28)-C(27)-C(26) 118.5(6) 
C(28)-C(27)-H(27) 120.8 
C(26)-C(27)-H(27) 120.8 
N(6)-C(28)-C(27) 123.0(5) 
N(6)-C(28)-H(28) 118.5 
C(27)-C(28)-H(28) 118.5 
N(7)-C(29)-C(30) 121.9(6) 
N(7)-C(29)-C(36) 115.2(5) 
C(30)-C(29)-C(36) 122.9(6) 
C(29)-C(30)-C(31) 117.9(7) 
C(29)-C(30)-H(30) 121.0 
C(31)-C(30)-H(30) 121.0 
C(32)-C(31)-C(30) 119.8(7) 
C(32)-C(31)-H(31) 120.1 
C(30)-C(31)-H(31) 120.1 
C(33)-C(32)-C(31) 119.7(7) 
C(33)-C(32)-H(32) 120.1 
C(31)-C(32)-H(32) 120.1 
N(7)-C(33)-C(32) 121.7(7) 
N(7)-C(33)-H(33) 119.1 
C(32)-C(33)-H(33) 119.1 
N(8)-C(34)-C(23) 109.8(4) 
N(8)-C(34)-H(34A) 109.7 
C(23)-C(34)-H(34A) 109.7 
N(8)-C(34)-H(34B) 109.7 
C(23)-C(34)-H(34B) 109.7 
H(34A)-C(34)-H(34B) 108.2 
N(8)-C(35)-C(24) 110.5(4) 
N(8)-C(35)-H(35A) 109.6 
C(24)-C(35)-H(35A) 109.6 
N(8)-C(35)-H(35B) 109.6 
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C(24)-C(35)-H(35B) 109.6 
H(35A)-C(35)-H(35B) 108.1 
N(8)-C(36)-C(29) 109.8(5) 
N(8)-C(36)-H(36A) 109.7 
C(29)-C(36)-H(36A) 109.7 
N(8)-C(36)-H(36B) 109.7 
C(29)-C(36)-H(36B) 109.7 
H(36A)-C(36)-H(36B) 108.2 
C(48)-C(37)-C(38) 114.8(5) 
C(48)-C(37)-C(3) 123.8(5) 
C(38)-C(37)-C(3) 121.5(5) 
C(39)-C(38)-C(37) 123.6(5) 
C(39)-C(38)-H(38) 118.2 
C(37)-C(38)-H(38) 118.2 
C(38)-C(39)-C(40) 119.4(5) 
C(38)-C(39)-C(49) 120.1(5) 
C(40)-C(39)-C(49) 120.5(5) 
C(41)-C(40)-C(39) 118.9(5) 
C(41)-C(40)-H(40) 120.6 
C(39)-C(40)-H(40) 120.6 
C(40)-C(41)-C(48) 119.3(5) 
C(40)-C(41)-C(42) 135.2(5) 
C(48)-C(41)-C(42) 105.5(4) 
C(47)-C(42)-C(43) 118.6(5) 
C(47)-C(42)-C(41) 106.3(4) 
C(43)-C(42)-C(41) 135.1(5) 
C(44)-C(43)-C(42) 119.1(5) 
C(44)-C(43)-H(43) 120.5 
C(42)-C(43)-H(43) 120.5 
C(43)-C(44)-C(45) 119.9(5) 
C(43)-C(44)-C(53) 119.8(5) 
C(45)-C(44)-C(53) 120.2(5) 
C(46)-C(45)-C(44) 122.2(5) 
C(46)-C(45)-H(45) 118.9 
C(44)-C(45)-H(45) 118.9 
C(47)-C(46)-C(45) 115.9(5) 
C(47)-C(46)-C(21) 121.6(5) 
C(45)-C(46)-C(21) 122.4(5) 
O(1)-C(47)-C(46) 124.4(5) 
O(1)-C(47)-C(42) 111.3(4) 
C(46)-C(47)-C(42) 124.2(5) 
O(1)-C(48)-C(37) 124.7(5) 
O(1)-C(48)-C(41) 111.3(4) 
C(37)-C(48)-C(41) 123.9(5) 
C(50)-C(49)-C(39) 112.5(5) 
C(50)-C(49)-H(49A) 109.1 
C(39)-C(49)-H(49A) 109.1 
278 
 
C(50)-C(49)-H(49B) 109.1 
C(39)-C(49)-H(49B) 109.1 
H(49A)-C(49)-H(49B) 107.8 
C(49)-C(50)-C(51) 112.1(5) 
C(49)-C(50)-H(50A) 109.2 
C(51)-C(50)-H(50A) 109.2 
C(49)-C(50)-H(50B) 109.2 
C(51)-C(50)-H(50B) 109.2 
H(50A)-C(50)-H(50B) 107.9 
C(52)-C(51)-C(50) 113.7(7) 
C(52)-C(51)-H(51A) 108.8 
C(50)-C(51)-H(51A) 108.8 
C(52)-C(51)-H(51B) 108.8 
C(50)-C(51)-H(51B) 108.8 
H(51A)-C(51)-H(51B) 107.7 
C(51)-C(52)-H(52A) 109.5 
C(51)-C(52)-H(52B) 109.5 
H(52A)-C(52)-H(52B) 109.5 
C(51)-C(52)-H(52C) 109.5 
H(52A)-C(52)-H(52C) 109.5 
H(52B)-C(52)-H(52C) 109.5 
C(54)-C(53)-C(44) 112.4(5) 
C(54)-C(53)-H(53A) 109.1 
C(44)-C(53)-H(53A) 109.1 
C(54)-C(53)-H(53B) 109.1 
C(44)-C(53)-H(53B) 109.1 
H(53A)-C(53)-H(53B) 107.9 
C(53)-C(54)-C(55) 112.5(6) 
C(53)-C(54)-H(54A) 109.1 
C(55)-C(54)-H(54A) 109.1 
C(53)-C(54)-H(54B) 109.1 
C(55)-C(54)-H(54B) 109.1 
H(54A)-C(54)-H(54B) 107.8 
C(56)-C(55)-C(56') 64(2) 
C(56)-C(55)-C(54) 114.7(9) 
C(56')-C(55)-C(54) 118.6(18) 
C(56)-C(55)-H(55A) 108.6 
C(56')-C(55)-H(55A) 45.5 
C(54)-C(55)-H(55A) 108.6 
C(56)-C(55)-H(55B) 108.6 
C(56')-C(55)-H(55B) 130.8 
C(54)-C(55)-H(55B) 108.6 
H(55A)-C(55)-H(55B) 107.6 
C(55)-C(56)-H(56A) 109.5 
C(55)-C(56)-H(56B) 109.5 
C(55)-C(56)-H(56C) 109.5 
C(55)-C(56')-H(56D) 109.5 
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C(55)-C(56')-H(56E) 109.5 
H(56D)-C(56')-H(56E) 109.5 
C(55)-C(56')-H(56F) 109.5 
H(56D)-C(56')-H(56F) 109.5 
H(56E)-C(56')-H(56F) 109.5 
N(1S)-C(1S)-C(2S) 138.5 
C(1S)-C(2S)-H(2SA) 109.5 
C(1S)-C(2S)-H(2SB) 109.5 
H(2SA)-C(2S)-H(2SB) 109.5 
C(1S)-C(2S)-H(2SC) 109.5 
H(2SA)-C(2S)-H(2SC) 109.5 
H(2SB)-C(2S)-H(2SC) 109.5 
C(3S)-O(1S)-H(1SA) 109.5 
O(1S)-C(3S)-C(4S) 106.6 
O(1S)-C(3S)-H(3SA) 110.4 
C(4S)-C(3S)-H(3SA) 110.4 
O(1S)-C(3S)-H(3SB) 110.4 
C(4S)-C(3S)-H(3SB) 110.4 
H(3SA)-C(3S)-H(3SB) 108.6 
C(3S)-C(4S)-H(4SA) 109.5 
C(3S)-C(4S)-H(4SB) 109.5 
H(4SA)-C(4S)-H(4SB) 109.5 
C(3S)-C(4S)-H(4SC) 109.5 
H(4SA)-C(4S)-H(4SC) 109.5 
H(4SB)-C(4S)-H(4SC) 109.5 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1/2,y,-z       
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Projection view with 50% thermal ellipsoids- anion and solvent molecules omitted: 
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Table D-25.  Crystal data and structure refinement for lm14910. 
Identification code l14910/lt/smart/QFR-004-pp71 
Empirical formula  C248 H262 Cl8 Cu8 N36 O53 
Formula weight 5386.86 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  Pbca 
Unit cell dimensions a = 25.7357(10) Å α  = 90°. 
b = 15.9634(6) Å β =  90°. 
c = 29.2007(12) Å γ =  90°. 
Volume 11996.5(8) Å3 
Z 2 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 0.872 mm-1 
F(000) 5588 
Crystal size 0.29 x 0.15 x 0.12 mm3 
Theta range for data collection 1.58 to 25.35°. 
Index ranges -31≤h≤31, -19≤k≤19, -35≤l≤35 
Reflections collected 331002 
Independent reflections 10981 [R(int) = 0.1171] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8988 and 0.7873 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10981 / 212 / 893 
Goodness-of-fit on F2 1.028 
Final R indices [I>2sigma(I)] R1 = 0.0480, wR2 = 0.1004 
R indices (all data) R1 = 0.0795, wR2 = 0.1192 
Largest diff. peak and hole 1.162 and -1.017 e.Å-3 
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Table D-26.   Bond lengths [Å] and angles [°] for  lm14910. 
_____________________________________________________  
Cu(1)-O(2)  1.917(3) 
Cu(1)-N(2)  2.034(3) 
Cu(1)-N(1)  2.045(3) 
Cu(1)-N(4)  2.052(3) 
Cu(1)-N(3)  2.114(3) 
Cu(2)-O(4)  1.916(3) 
Cu(2)-N(8)  2.040(3) 
Cu(2)-N(7)  2.042(3) 
Cu(2)-N(5)  2.063(3) 
Cu(2)-N(6)  2.102(3) 
Cl(1)-O(8)  1.402(3) 
Cl(1)-O(9')  1.422(5) 
Cl(1)-O(9)  1.424(3) 
Cl(1)-O(6)  1.432(3) 
Cl(1)-O(7)  1.434(3) 
Cl(2)-O(12)  1.399(4) 
Cl(2)-O(13)  1.400(4) 
Cl(2)-O(12')  1.404(4) 
Cl(2)-O(11')  1.416(5) 
Cl(2)-O(10)  1.421(4) 
Cl(2)-O(13')  1.434(5) 
Cl(2)-O(11)  1.443(4) 
O(1)-C(24)  1.384(4) 
O(1)-C(25)  1.385(4) 
O(2)-C(57)  1.294(5) 
O(3)-C(57)  1.238(5) 
O(4)-C(59)  1.299(4) 
O(5)-C(59)  1.232(4) 
N(1)-C(1)  1.329(5) 
N(1)-C(5)  1.338(6) 
N(2)-C(7)  1.331(5) 
N(2)-C(11)  1.336(5) 
N(3)-C(12)  1.317(5) 
N(3)-C(16')  1.375(11) 
N(3)-C(16)  1.377(7) 
N(4)-C(6)  1.463(6) 
N(4)-C(18')  1.476(7) 
N(4)-C(6')  1.478(7) 
N(4)-C(18)  1.483(6) 
N(4)-C(17)  1.516(6) 
N(4)-C(17')  1.524(11) 
N(5)-C(56)  1.337(5) 
N(5)-C(52)  1.349(5) 
N(6)-C(45)  1.340(5) 
N(6)-C(49)  1.343(5) 
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N(7)-C(41)  1.345(5) 
N(7)-C(42)  1.346(5) 
N(8)-C(51)  1.482(5) 
N(8)-C(50)  1.490(5) 
N(8)-C(44)  1.494(5) 
C(1)-C(2)  1.379(6) 
C(1)-H(1A)  0.9500 
C(2)-C(3)  1.365(6) 
C(2)-H(2A)  0.9500 
C(3)-C(4)  1.379(7) 
C(3)-H(3A)  0.9500 
C(4)-C(5)  1.376(7) 
C(4)-H(4A)  0.9500 
C(5)-C(6)  1.571(7) 
C(5)-C(6')  1.583(8) 
C(7)-C(8)  1.367(6) 
C(7)-H(7A)  0.9500 
C(8)-C(9)  1.397(5) 
C(8)-H(8A)  0.9500 
C(9)-C(10)  1.384(5) 
C(9)-C(19)  1.491(5) 
C(10)-C(11)  1.376(6) 
C(10)-H(10A)  0.9500 
C(11)-C(18)  1.566(6) 
C(11)-C(18')  1.583(7) 
C(12)-C(13)  1.386(6) 
C(12)-H(12A)  0.9500 
C(13)-C(14)  1.347(6) 
C(13)-H(13A)  0.9500 
C(14)-C(15)  1.386(8) 
C(14)-C(15')  1.523(15) 
C(14)-H(14A)  0.9500 
C(6)-H(6A)  0.9900 
C(6)-H(6B)  0.9900 
C(15)-C(16)  1.377(7) 
C(15)-H(15A)  0.9500 
C(16)-C(17)  1.508(7) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(6')-H(6'A)  0.9900 
C(6')-H(6'B)  0.9900 
C(15')-C(16')  1.376(8) 
C(15')-H(15B)  0.9500 
C(16')-C(17')  1.507(8) 
C(17')-H(17C)  0.9900 
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C(17')-H(17D)  0.9900 
C(18')-H(18C)  0.9900 
C(18')-H(18D)  0.9900 
C(19)-C(24)  1.396(5) 
C(19)-C(20)  1.400(5) 
C(20)-C(21)  1.390(5) 
C(20)-H(20A)  0.9500 
C(21)-C(22)  1.397(5) 
C(21)-C(31)  1.517(5) 
C(22)-C(23)  1.404(5) 
C(22)-H(22A)  0.9500 
C(23)-C(24)  1.398(5) 
C(23)-C(26)  1.461(5) 
C(25)-C(26)  1.387(5) 
C(25)-C(30)  1.394(5) 
C(26)-C(27)  1.393(5) 
C(27)-C(28)  1.398(6) 
C(27)-H(27A)  0.9500 
C(28)-C(29)  1.399(6) 
C(28)-C(35)  1.547(5) 
C(28)-C(35')  1.548(4) 
C(29)-C(30)  1.395(5) 
C(29)-H(29A)  0.9500 
C(30)-C(39)  1.480(5) 
C(31)-C(32)  1.506(5) 
C(31)-H(31A)  0.9900 
C(31)-H(31B)  0.9900 
C(32)-C(33)  1.533(6) 
C(32)-H(32A)  0.9900 
C(32)-H(32B)  0.9900 
C(33)-C(34)  1.536(9) 
C(33)-C(34')  1.537(10) 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(34')-H(34D)  0.9800 
C(34')-H(34E)  0.9800 
C(34')-H(34F)  0.9800 
C(35)-C(36)  1.543(5) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-C(37)  1.554(5) 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-C(38)  1.551(5) 
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C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(35')-C(36')  1.540(4) 
C(35')-H(35C)  0.9900 
C(35')-H(35D)  0.9900 
C(36')-C(37')  1.549(5) 
C(36')-H(36C)  0.9900 
C(36')-H(36D)  0.9900 
C(37')-C(38)  1.529(5) 
C(37')-H(37C)  0.9900 
C(37')-H(37D)  0.9900 
C(38)-H(38A)  0.9800 
C(38)-H(38B)  0.9800 
C(38)-H(38C)  0.9800 
C(39)-C(40)  1.400(5) 
C(39)-C(43)  1.402(5) 
C(40)-C(41)  1.376(5) 
C(40)-H(40A)  0.9500 
C(41)-H(41A)  0.9500 
C(42)-C(43)  1.389(5) 
C(42)-C(44)  1.515(5) 
C(43)-H(43A)  0.9500 
C(44)-H(44A)  0.9900 
C(44)-H(44B)  0.9900 
C(45)-C(46)  1.389(6) 
C(45)-H(45A)  0.9500 
C(46)-C(47)  1.369(7) 
C(46)-H(46A)  0.9500 
C(47)-C(48)  1.384(7) 
C(47)-H(47A)  0.9500 
C(48)-C(49)  1.390(6) 
C(48)-H(48A)  0.9500 
C(49)-C(50)  1.507(6) 
C(50)-H(50A)  0.9900 
C(50)-H(50B)  0.9900 
C(51)-C(52)  1.506(6) 
C(51)-H(51A)  0.9900 
C(51)-H(51B)  0.9900 
C(52)-C(53)  1.383(6) 
C(53)-C(54)  1.373(6) 
C(53)-H(53A)  0.9500 
C(54)-C(55)  1.385(6) 
C(54)-H(54A)  0.9500 
C(55)-C(56)  1.386(6) 
C(55)-H(55A)  0.9500 
C(56)-H(56A)  0.9500 
C(57)-C(58)  1.507(6) 
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C(58)-H(58A)  0.9800 
C(58)-H(58B)  0.9800 
C(58)-H(58C)  0.9800 
C(59)-C(60)  1.509(5) 
C(60)-H(60A)  0.9800 
C(60)-H(60B)  0.9800 
C(60)-H(60C)  0.9800 
N(1S)-C(1S)  1.143(6) 
C(1S)-C(2S)  1.433(7) 
C(2S)-H(2S1)  0.9800 
C(2S)-H(2S2)  0.9800 
C(2S)-H(2S3)  0.9800 
 
O(2)-Cu(1)-N(2) 99.60(12) 
O(2)-Cu(1)-N(1) 100.16(13) 
N(2)-Cu(1)-N(1) 126.56(14) 
O(2)-Cu(1)-N(4) 175.68(12) 
N(2)-Cu(1)-N(4) 81.64(12) 
N(1)-Cu(1)-N(4) 82.24(13) 
O(2)-Cu(1)-N(3) 94.78(12) 
N(2)-Cu(1)-N(3) 111.40(14) 
N(1)-Cu(1)-N(3) 115.73(14) 
N(4)-Cu(1)-N(3) 80.93(12) 
O(4)-Cu(2)-N(8) 174.58(12) 
O(4)-Cu(2)-N(7) 101.90(12) 
N(8)-Cu(2)-N(7) 81.47(12) 
O(4)-Cu(2)-N(5) 100.14(12) 
N(8)-Cu(2)-N(5) 81.16(13) 
N(7)-Cu(2)-N(5) 124.28(13) 
O(4)-Cu(2)-N(6) 93.89(12) 
N(8)-Cu(2)-N(6) 80.80(13) 
N(7)-Cu(2)-N(6) 114.94(12) 
N(5)-Cu(2)-N(6) 113.78(13) 
O(8)-Cl(1)-O(9') 79.8(12) 
O(8)-Cl(1)-O(9) 115.6(4) 
O(9')-Cl(1)-O(9) 43.7(12) 
O(8)-Cl(1)-O(6) 111.9(3) 
O(9')-Cl(1)-O(6) 104.0(11) 
O(9)-Cl(1)-O(6) 110.0(2) 
O(8)-Cl(1)-O(7) 108.0(3) 
O(9')-Cl(1)-O(7) 139.9(13) 
O(9)-Cl(1)-O(7) 102.1(4) 
O(6)-Cl(1)-O(7) 108.6(2) 
O(12)-Cl(2)-O(13) 130.9(6) 
O(12)-Cl(2)-O(12') 29.3(7) 
O(13)-Cl(2)-O(12') 114.0(7) 
O(12)-Cl(2)-O(11') 114.9(8) 
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O(13)-Cl(2)-O(11') 40.7(5) 
O(12')-Cl(2)-O(11') 120.7(10) 
O(12)-Cl(2)-O(10) 113.6(6) 
O(13)-Cl(2)-O(10) 112.4(3) 
O(12')-Cl(2)-O(10) 112.7(8) 
O(11')-Cl(2)-O(10) 126.4(6) 
O(12)-Cl(2)-O(13') 96.3(6) 
O(13)-Cl(2)-O(13') 61.2(5) 
O(12')-Cl(2)-O(13') 67.3(8) 
O(11')-Cl(2)-O(13') 98.3(7) 
O(10)-Cl(2)-O(13') 97.8(5) 
O(12)-Cl(2)-O(11) 86.2(5) 
O(13)-Cl(2)-O(11) 103.1(4) 
O(12')-Cl(2)-O(11) 114.7(8) 
O(11')-Cl(2)-O(11) 63.8(6) 
O(10)-Cl(2)-O(11) 98.6(3) 
O(13')-Cl(2)-O(11) 160.9(6) 
C(24)-O(1)-C(25) 106.0(3) 
C(57)-O(2)-Cu(1) 120.4(3) 
C(59)-O(4)-Cu(2) 116.1(2) 
C(1)-N(1)-C(5) 118.0(4) 
C(1)-N(1)-Cu(1) 128.6(3) 
C(5)-N(1)-Cu(1) 113.0(3) 
C(7)-N(2)-C(11) 116.8(4) 
C(7)-N(2)-Cu(1) 128.6(3) 
C(11)-N(2)-Cu(1) 114.4(3) 
C(12)-N(3)-C(16') 116.0(5) 
C(12)-N(3)-C(16) 115.9(4) 
C(16')-N(3)-C(16) 35.8(5) 
C(12)-N(3)-Cu(1) 129.7(3) 
C(16')-N(3)-Cu(1) 109.6(4) 
C(16)-N(3)-Cu(1) 113.4(3) 
C(6)-N(4)-C(18') 141.9(5) 
C(6)-N(4)-C(6') 50.1(5) 
C(18')-N(4)-C(6') 114.0(6) 
C(6)-N(4)-C(18) 112.1(4) 
C(18')-N(4)-C(18) 50.0(5) 
C(6')-N(4)-C(18) 66.4(4) 
C(6)-N(4)-C(17) 111.7(4) 
C(18')-N(4)-C(17) 59.8(5) 
C(6')-N(4)-C(17) 146.1(5) 
C(18)-N(4)-C(17) 107.7(4) 
C(6)-N(4)-C(17') 55.9(5) 
C(18')-N(4)-C(17') 119.1(6) 
C(6')-N(4)-C(17') 105.7(6) 
C(18)-N(4)-C(17') 149.2(5) 
C(17)-N(4)-C(17') 61.3(5) 
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C(6)-N(4)-Cu(1) 109.6(3) 
C(18')-N(4)-Cu(1) 108.1(4) 
C(6')-N(4)-Cu(1) 104.5(4) 
C(18)-N(4)-Cu(1) 106.6(3) 
C(17)-N(4)-Cu(1) 109.0(3) 
C(17')-N(4)-Cu(1) 104.2(5) 
C(56)-N(5)-C(52) 119.1(3) 
C(56)-N(5)-Cu(2) 128.3(3) 
C(52)-N(5)-Cu(2) 112.6(3) 
C(45)-N(6)-C(49) 118.7(4) 
C(45)-N(6)-Cu(2) 128.3(3) 
C(49)-N(6)-Cu(2) 113.0(3) 
C(41)-N(7)-C(42) 118.6(3) 
C(41)-N(7)-Cu(2) 126.5(3) 
C(42)-N(7)-Cu(2) 114.9(2) 
C(51)-N(8)-C(50) 110.0(3) 
C(51)-N(8)-C(44) 111.5(3) 
C(50)-N(8)-C(44) 112.1(3) 
C(51)-N(8)-Cu(2) 106.6(2) 
C(50)-N(8)-Cu(2) 107.2(2) 
C(44)-N(8)-Cu(2) 109.1(2) 
N(1)-C(1)-C(2) 122.9(4) 
N(1)-C(1)-H(1A) 118.6 
C(2)-C(1)-H(1A) 118.6 
C(3)-C(2)-C(1) 118.9(4) 
C(3)-C(2)-H(2A) 120.5 
C(1)-C(2)-H(2A) 120.5 
C(2)-C(3)-C(4) 118.8(4) 
C(2)-C(3)-H(3A) 120.6 
C(4)-C(3)-H(3A) 120.6 
C(5)-C(4)-C(3) 119.1(5) 
C(5)-C(4)-H(4A) 120.4 
C(3)-C(4)-H(4A) 120.4 
N(1)-C(5)-C(4) 122.2(5) 
N(1)-C(5)-C(6) 113.8(4) 
C(4)-C(5)-C(6) 122.5(4) 
N(1)-C(5)-C(6') 110.3(5) 
C(4)-C(5)-C(6') 117.2(5) 
C(6)-C(5)-C(6') 46.5(5) 
N(2)-C(7)-C(8) 123.4(4) 
N(2)-C(7)-H(7A) 118.3 
C(8)-C(7)-H(7A) 118.3 
C(7)-C(8)-C(9) 120.6(4) 
C(7)-C(8)-H(8A) 119.7 
C(9)-C(8)-H(8A) 119.7 
C(10)-C(9)-C(8) 115.5(4) 
C(10)-C(9)-C(19) 123.8(4) 
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C(8)-C(9)-C(19) 120.7(3) 
C(11)-C(10)-C(9) 120.5(4) 
C(11)-C(10)-H(10A) 119.7 
C(9)-C(10)-H(10A) 119.7 
N(2)-C(11)-C(10) 123.2(4) 
N(2)-C(11)-C(18) 112.2(4) 
C(10)-C(11)-C(18) 122.9(4) 
N(2)-C(11)-C(18') 110.0(5) 
C(10)-C(11)-C(18') 116.8(5) 
C(18)-C(11)-C(18') 46.8(5) 
N(3)-C(12)-C(13) 123.2(4) 
N(3)-C(12)-H(12A) 118.4 
C(13)-C(12)-H(12A) 118.4 
C(14)-C(13)-C(12) 119.4(4) 
C(14)-C(13)-H(13A) 120.3 
C(12)-C(13)-H(13A) 120.3 
C(13)-C(14)-C(15) 118.0(4) 
C(13)-C(14)-C(15') 112.9(6) 
C(15)-C(14)-C(15') 37.0(5) 
C(13)-C(14)-H(14A) 121.0 
C(15)-C(14)-H(14A) 121.0 
C(15')-C(14)-H(14A) 113.5 
N(4)-C(6)-C(5) 106.2(4) 
N(4)-C(6)-H(6A) 110.5 
C(5)-C(6)-H(6A) 110.5 
N(4)-C(6)-H(6B) 110.5 
C(5)-C(6)-H(6B) 110.5 
H(6A)-C(6)-H(6B) 108.7 
C(16)-C(15)-C(14) 118.6(5) 
C(16)-C(15)-H(15A) 120.7 
C(14)-C(15)-H(15A) 120.7 
C(15)-C(16)-N(3) 121.9(5) 
C(15)-C(16)-C(17) 122.8(5) 
N(3)-C(16)-C(17) 115.4(5) 
C(16)-C(17)-N(4) 110.9(4) 
C(16)-C(17)-H(17A) 109.5 
N(4)-C(17)-H(17A) 109.5 
C(16)-C(17)-H(17B) 109.5 
N(4)-C(17)-H(17B) 109.5 
H(17A)-C(17)-H(17B) 108.1 
N(4)-C(18)-C(11) 105.7(4) 
N(4)-C(18)-H(18A) 110.6 
C(11)-C(18)-H(18A) 110.6 
N(4)-C(18)-H(18B) 110.6 
C(11)-C(18)-H(18B) 110.6 
H(18A)-C(18)-H(18B) 108.7 
N(4)-C(6')-C(5) 104.9(4) 
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N(4)-C(6')-H(6'A) 110.8 
C(5)-C(6')-H(6'A) 110.8 
N(4)-C(6')-H(6'B) 110.8 
C(5)-C(6')-H(6'B) 110.8 
H(6'A)-C(6')-H(6'B) 108.8 
C(16')-C(15')-C(14) 116.6(10) 
C(16')-C(15')-H(15B) 121.7 
C(14)-C(15')-H(15B) 121.7 
N(3)-C(16')-C(15') 120.7(9) 
N(3)-C(16')-C(17') 116.8(8) 
C(15')-C(16')-C(17') 122.4(11) 
C(16')-C(17')-N(4) 108.7(8) 
C(16')-C(17')-H(17C) 110.0 
N(4)-C(17')-H(17C) 110.0 
C(16')-C(17')-H(17D) 110.0 
N(4)-C(17')-H(17D) 110.0 
H(17C)-C(17')-H(17D) 108.3 
N(4)-C(18')-C(11) 105.2(4) 
N(4)-C(18')-H(18C) 110.7 
C(11)-C(18')-H(18C) 110.7 
N(4)-C(18')-H(18D) 110.7 
C(11)-C(18')-H(18D) 110.7 
H(18C)-C(18')-H(18D) 108.8 
C(24)-C(19)-C(20) 114.4(3) 
C(24)-C(19)-C(9) 124.3(3) 
C(20)-C(19)-C(9) 121.3(3) 
C(21)-C(20)-C(19) 124.4(4) 
C(21)-C(20)-H(20A) 117.8 
C(19)-C(20)-H(20A) 117.8 
C(20)-C(21)-C(22) 119.5(3) 
C(20)-C(21)-C(31) 118.7(4) 
C(22)-C(21)-C(31) 121.8(4) 
C(21)-C(22)-C(23) 118.5(3) 
C(21)-C(22)-H(22A) 120.7 
C(23)-C(22)-H(22A) 120.7 
C(24)-C(23)-C(22) 119.7(3) 
C(24)-C(23)-C(26) 105.8(3) 
C(22)-C(23)-C(26) 134.4(4) 
O(1)-C(24)-C(19) 125.3(3) 
O(1)-C(24)-C(23) 111.0(3) 
C(19)-C(24)-C(23) 123.7(3) 
O(1)-C(25)-C(26) 111.8(3) 
O(1)-C(25)-C(30) 124.0(3) 
C(26)-C(25)-C(30) 124.0(3) 
C(25)-C(26)-C(27) 119.1(4) 
C(25)-C(26)-C(23) 105.4(3) 
C(27)-C(26)-C(23) 135.4(4) 
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C(26)-C(27)-C(28) 119.0(4) 
C(26)-C(27)-H(27A) 120.5 
C(28)-C(27)-H(27A) 120.5 
C(27)-C(28)-C(29) 119.9(4) 
C(27)-C(28)-C(35) 112.9(6) 
C(29)-C(28)-C(35) 125.1(5) 
C(27)-C(28)-C(35') 126.7(4) 
C(29)-C(28)-C(35') 112.3(4) 
C(35)-C(28)-C(35') 28.3(4) 
C(30)-C(29)-C(28) 122.5(4) 
C(30)-C(29)-H(29A) 118.8 
C(28)-C(29)-H(29A) 118.8 
C(25)-C(30)-C(29) 115.4(3) 
C(25)-C(30)-C(39) 121.3(3) 
C(29)-C(30)-C(39) 123.2(3) 
C(32)-C(31)-C(21) 116.4(3) 
C(32)-C(31)-H(31A) 108.2 
C(21)-C(31)-H(31A) 108.2 
C(32)-C(31)-H(31B) 108.2 
C(21)-C(31)-H(31B) 108.2 
H(31A)-C(31)-H(31B) 107.3 
C(31)-C(32)-C(33) 112.0(3) 
C(31)-C(32)-H(32A) 109.2 
C(33)-C(32)-H(32A) 109.2 
C(31)-C(32)-H(32B) 109.2 
C(33)-C(32)-H(32B) 109.2 
H(32A)-C(32)-H(32B) 107.9 
C(32)-C(33)-C(34) 112.1(6) 
C(32)-C(33)-C(34') 112.2(18) 
C(34)-C(33)-C(34') 19.8(18) 
C(32)-C(33)-H(33A) 109.2 
C(34)-C(33)-H(33A) 109.2 
C(34')-C(33)-H(33A) 91.3 
C(32)-C(33)-H(33B) 109.2 
C(34)-C(33)-H(33B) 109.2 
C(34')-C(33)-H(33B) 124.7 
H(33A)-C(33)-H(33B) 107.9 
C(33)-C(34)-H(34A) 109.5 
C(33)-C(34)-H(34B) 109.5 
C(33)-C(34)-H(34C) 109.5 
C(33)-C(34')-H(34D) 109.5 
C(33)-C(34')-H(34E) 109.5 
H(34D)-C(34')-H(34E) 109.5 
C(33)-C(34')-H(34F) 109.5 
H(34D)-C(34')-H(34F) 109.5 
H(34E)-C(34')-H(34F) 109.5 
C(36)-C(35)-C(28) 102.6(6) 
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C(36)-C(35)-H(35A) 111.3 
C(28)-C(35)-H(35A) 111.3 
C(36)-C(35)-H(35B) 111.3 
C(28)-C(35)-H(35B) 111.3 
H(35A)-C(35)-H(35B) 109.2 
C(35)-C(36)-C(37) 111.8(10) 
C(35)-C(36)-H(36A) 109.3 
C(37)-C(36)-H(36A) 109.3 
C(35)-C(36)-H(36B) 109.3 
C(37)-C(36)-H(36B) 109.3 
H(36A)-C(36)-H(36B) 107.9 
C(38)-C(37)-C(36) 138.4(10) 
C(38)-C(37)-H(37A) 102.5 
C(36)-C(37)-H(37A) 102.5 
C(38)-C(37)-H(37B) 102.5 
C(36)-C(37)-H(37B) 102.5 
H(37A)-C(37)-H(37B) 104.9 
C(36')-C(35')-C(28) 113.8(5) 
C(36')-C(35')-H(35C) 108.8 
C(28)-C(35')-H(35C) 108.8 
C(36')-C(35')-H(35D) 108.8 
C(28)-C(35')-H(35D) 108.8 
H(35C)-C(35')-H(35D) 107.7 
C(35')-C(36')-C(37') 103.8(5) 
C(35')-C(36')-H(36C) 111.0 
C(37')-C(36')-H(36C) 111.0 
C(35')-C(36')-H(36D) 111.0 
C(37')-C(36')-H(36D) 111.0 
H(36C)-C(36')-H(36D) 109.0 
C(38)-C(37')-C(36') 98.5(5) 
C(38)-C(37')-H(37C) 112.1 
C(36')-C(37')-H(37C) 112.1 
C(38)-C(37')-H(37D) 112.1 
C(36')-C(37')-H(37D) 112.1 
H(37C)-C(37')-H(37D) 109.7 
C(37')-C(38)-C(37) 10.1(8) 
C(37')-C(38)-H(38A) 106.7 
C(37)-C(38)-H(38A) 109.5 
C(37')-C(38)-H(38B) 119.1 
C(37)-C(38)-H(38B) 109.5 
H(38A)-C(38)-H(38B) 109.5 
C(37')-C(38)-H(38C) 102.2 
C(37)-C(38)-H(38C) 109.5 
H(38A)-C(38)-H(38C) 109.5 
H(38B)-C(38)-H(38C) 109.5 
C(40)-C(39)-C(43) 117.7(3) 
C(40)-C(39)-C(30) 119.3(3) 
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C(43)-C(39)-C(30) 123.1(3) 
C(41)-C(40)-C(39) 119.7(3) 
C(41)-C(40)-H(40A) 120.1 
C(39)-C(40)-H(40A) 120.1 
N(7)-C(41)-C(40) 122.5(3) 
N(7)-C(41)-H(41A) 118.8 
C(40)-C(41)-H(41A) 118.8 
N(7)-C(42)-C(43) 122.4(3) 
N(7)-C(42)-C(44) 115.4(3) 
C(43)-C(42)-C(44) 122.1(3) 
C(42)-C(43)-C(39) 119.1(3) 
C(42)-C(43)-H(43A) 120.4 
C(39)-C(43)-H(43A) 120.4 
N(8)-C(44)-C(42) 109.9(3) 
N(8)-C(44)-H(44A) 109.7 
C(42)-C(44)-H(44A) 109.7 
N(8)-C(44)-H(44B) 109.7 
C(42)-C(44)-H(44B) 109.7 
H(44A)-C(44)-H(44B) 108.2 
N(6)-C(45)-C(46) 122.4(4) 
N(6)-C(45)-H(45A) 118.8 
C(46)-C(45)-H(45A) 118.8 
C(47)-C(46)-C(45) 118.4(4) 
C(47)-C(46)-H(46A) 120.8 
C(45)-C(46)-H(46A) 120.8 
C(46)-C(47)-C(48) 120.1(4) 
C(46)-C(47)-H(47A) 119.9 
C(48)-C(47)-H(47A) 119.9 
C(47)-C(48)-C(49) 118.2(4) 
C(47)-C(48)-H(48A) 120.9 
C(49)-C(48)-H(48A) 120.9 
N(6)-C(49)-C(48) 122.1(4) 
N(6)-C(49)-C(50) 115.1(3) 
C(48)-C(49)-C(50) 122.7(4) 
N(8)-C(50)-C(49) 110.8(3) 
N(8)-C(50)-H(50A) 109.5 
C(49)-C(50)-H(50A) 109.5 
N(8)-C(50)-H(50B) 109.5 
C(49)-C(50)-H(50B) 109.5 
H(50A)-C(50)-H(50B) 108.1 
N(8)-C(51)-C(52) 109.0(3) 
N(8)-C(51)-H(51A) 109.9 
C(52)-C(51)-H(51A) 109.9 
N(8)-C(51)-H(51B) 109.9 
C(52)-C(51)-H(51B) 109.9 
H(51A)-C(51)-H(51B) 108.3 
N(5)-C(52)-C(53) 121.4(4) 
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N(5)-C(52)-C(51) 115.4(3) 
C(53)-C(52)-C(51) 123.1(4) 
C(54)-C(53)-C(52) 119.2(4) 
C(54)-C(53)-H(53A) 120.4 
C(52)-C(53)-H(53A) 120.4 
C(53)-C(54)-C(55) 119.8(4) 
C(53)-C(54)-H(54A) 120.1 
C(55)-C(54)-H(54A) 120.1 
C(54)-C(55)-C(56) 118.1(4) 
C(54)-C(55)-H(55A) 121.0 
C(56)-C(55)-H(55A) 121.0 
N(5)-C(56)-C(55) 122.5(4) 
N(5)-C(56)-H(56A) 118.8 
C(55)-C(56)-H(56A) 118.8 
O(3)-C(57)-O(2) 124.5(4) 
O(3)-C(57)-C(58) 120.5(4) 
O(2)-C(57)-C(58) 115.0(4) 
C(57)-C(58)-H(58A) 109.5 
C(57)-C(58)-H(58B) 109.5 
H(58A)-C(58)-H(58B) 109.5 
C(57)-C(58)-H(58C) 109.5 
H(58A)-C(58)-H(58C) 109.5 
H(58B)-C(58)-H(58C) 109.5 
O(5)-C(59)-O(4) 123.5(4) 
O(5)-C(59)-C(60) 120.1(3) 
O(4)-C(59)-C(60) 116.4(3) 
C(59)-C(60)-H(60A) 109.5 
C(59)-C(60)-H(60B) 109.5 
H(60A)-C(60)-H(60B) 109.5 
C(59)-C(60)-H(60C) 109.5 
H(60A)-C(60)-H(60C) 109.5 
H(60B)-C(60)-H(60C) 109.5 
N(1S)-C(1S)-C(2S) 178.7(5) 
C(1S)-C(2S)-H(2S1) 109.5 
C(1S)-C(2S)-H(2S2) 109.5 
H(2S1)-C(2S)-H(2S2) 109.5 
C(1S)-C(2S)-H(2S3) 109.5 
H(2S1)-C(2S)-H(2S3) 109.5 
H(2S2)-C(2S)-H(2S3) 109.5 
_____________________________________________________________  
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Projection view of the molecule with 50% thermal ellipsoids- disorder atoms, H, solvents (acetonitrile and 
water) and two perchlorate ions omitted: 
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Table D-27.  Crystal data and structure refinement for lm15310. 
Identification code l15310/lt/QFR-005-pp71 
Empirical formula  C112 H114 Cl8 N16 Ni4 O19 
Formula weight 2506.63 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  C2/c 
Unit cell dimensions a = 30.1374(15) Å 
b = 24.0247(12) Å 
c = 15.5867(8) Å 
α =  90°. 
β = 98.449(3)°. 
γ = 90°. 
Volume 11162.9(10) Å3 
Z 4 
Density (calculated) 1.491 Mg/m3 
Absorption coefficient 0.931 mm-1 
F(000) 5192 
Crystal size 0.19 x 0.14 x 0.12 mm3 
Theta range for data collection 1.79 to 23.50°. 
Index ranges -33≤h≤33, -26≤k≤26, -17≤l≤17 
Reflections collected 160052 
Independent reflections 8262 [R(int) = 0.1295] 
Completeness to theta = 23.50° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8948 and 0.8407 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8262 / 98 / 724 
Goodness-of-fit on F2 1.022 
Final R indices [I>2sigma(I)] R1 = 0.1229, wR2 = 0.2714 
R indices (all data) R1 = 0.2057, wR2 = 0.3408 
Largest diff. peak and hole 0.898 and -1.194 e.Å-3 
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Table D-28.   Bond lengths [Å] and angles [°] for  lm15310. 
_____________________________________________________  
Ni(1)-N(1)  2.038(11) 
Ni(1)-N(3)  2.038(13) 
Ni(1)-N(2)  2.054(11) 
Ni(1)-N(4)  2.065(11) 
Ni(1)-Cl(2)  2.345(4) 
Ni(1)-Cl(1)  2.543(4) 
Ni(2)-N(5)#1  2.037(17) 
Ni(2)-N(7)#1  2.069(13) 
Ni(2)-N(6)#1  2.074(14) 
Ni(2)-N(8)#1  2.081(14) 
Ni(2)-Cl(1)  2.341(5) 
Ni(2)-Cl(2)  2.527(4) 
O(1)-C(24)  1.371(13) 
O(1)-C(30)  1.388(12) 
N(1)-C(1)  1.336(16) 
N(1)-C(5)  1.335(18) 
N(2)-C(6)  1.329(16) 
N(2)-C(10)  1.351(15) 
N(3)-C(11)  1.33(2) 
N(3)-C(15)  1.35(2) 
N(4)-C(16)  1.477(16) 
N(4)-C(18)  1.474(17) 
N(4)-C(17)  1.492(17) 
N(5)-C(31)  1.32(2) 
N(5)-C(35)  1.33(2) 
N(5)-Ni(2)#1  2.037(17) 
N(6)-C(36)  1.34(2) 
N(6)-C(40)  1.34(2) 
N(6)-Ni(2)#1  2.074(14) 
N(7)-C(41)  1.336(18) 
N(7)-C(45)  1.359(18) 
N(7)-Ni(2)#1  2.069(13) 
N(8)-C(47)  1.47(2) 
N(8)-C(48)  1.492(19) 
N(8)-C(46)  1.50(2) 
N(8)-Ni(2)#1  2.081(14) 
C(1)-C(2)  1.40(2) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.36(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.39(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.37(2) 
C(4)-H(4)  0.9500 
C(5)-C(16)  1.456(19) 
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C(6)-C(7)  1.363(17) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.380(17) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.366(19) 
C(8)-C(19)  1.494(16) 
C(9)-C(10)  1.397(19) 
C(9)-H(9)  0.9500 
C(10)-C(17)  1.516(19) 
C(11)-C(12)  1.38(3) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.40(3) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.38(3) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.39(2) 
C(14)-H(14)  0.9500 
C(15)-C(18)  1.49(2) 
C(16)-H(16A)  0.9900 
C(16)-H(16B)  0.9900 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(19)-C(20)  1.3900 
C(19)-C(24)  1.3900 
C(20)-C(21)  1.3900 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.3900 
C(21)-C(49)  1.612(16) 
C(22)-C(23)  1.3900 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.3900 
C(23)-C(25)  1.5273 
C(25)-C(30)  1.3900 
C(25)-C(26)  1.3903 
C(26)-C(27)  1.3897 
C(26)-H(26)  0.9500 
C(27)-C(28)  1.3899 
C(27)-C(53)  1.614(16) 
C(28)-C(29)  1.3901 
C(28)-H(28)  0.9500 
C(29)-C(30)  1.3897 
C(29)-C(43)  1.47(2) 
C(31)-C(32)  1.35(3) 
C(31)-H(31)  0.9500 
C(32)-C(33)  1.35(3) 
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C(32)-H(32)  0.9500 
C(33)-C(34)  1.38(3) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.37(3) 
C(34)-H(34)  0.9500 
C(35)-C(46)  1.51(3) 
C(36)-C(37)  1.34(2) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.37(3) 
C(37)-H(37)  0.9500 
C(38)-C(39)  1.36(3) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.42(3) 
C(39)-H(39)  0.9500 
C(40)-C(47)  1.51(3) 
C(41)-C(42)  1.39(2) 
C(41)-C(48)  1.539(19) 
C(42)-C(43)  1.403(19) 
C(42)-H(42)  0.9500 
C(43)-C(44)  1.40(2) 
C(44)-C(45)  1.36(2) 
C(44)-H(44)  0.9500 
C(45)-H(45)  0.9500 
C(46)-H(46A)  0.9900 
C(46)-H(46B)  0.9900 
C(47)-H(47A)  0.9900 
C(47)-H(47B)  0.9900 
C(48)-H(48A)  0.9900 
C(48)-H(48B)  0.9900 
C(49)-C(50)  1.53(3) 
C(49)-H(49A)  0.9900 
C(49)-H(49B)  0.9900 
C(50)-C(51)  1.63(3) 
C(50)-H(50A)  0.9900 
C(50)-H(50B)  0.9900 
C(51)-C(52)  1.25(3) 
C(51)-H(51A)  0.9900 
C(51)-H(51B)  0.9900 
C(52)-H(52A)  0.9800 
C(52)-H(52B)  0.9800 
C(52)-H(52C)  0.9800 
C(53)-C(54)  1.46(3) 
C(53)-H(53A)  0.9900 
C(53)-H(53B)  0.9900 
C(54)-C(55)  1.66(3) 
C(54)-H(54A)  0.9900 
C(54)-H(54B)  0.9900 
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C(55)-C(56)  1.20(3) 
C(55)-H(55A)  0.9900 
C(55)-H(55B)  0.9900 
C(56)-H(56A)  0.9800 
C(56)-H(56B)  0.9800 
C(56)-H(56C)  0.9800 
Cl(5)-O(3)  1.361(16) 
Cl(5)-O(4)  1.366(13) 
Cl(5)-O(2)  1.419(12) 
Cl(5)-O(5)  1.423(13) 
Cl(6)-O(6)  1.399(5) 
Cl(6)-O(8)  1.400(5) 
Cl(6)-O(9)  1.400(5) 
Cl(6)-O(7)  1.400(5) 
Cl(7)-O(12)  1.396(5) 
Cl(7)-O(13)  1.398(5) 
Cl(7)-O(10)  1.400(5) 
Cl(7)-O(11)  1.403(5) 
 
N(1)-Ni(1)-N(3) 88.1(5) 
N(1)-Ni(1)-N(2) 92.8(4) 
N(3)-Ni(1)-N(2) 162.2(6) 
N(1)-Ni(1)-N(4) 84.0(5) 
N(3)-Ni(1)-N(4) 81.9(6) 
N(2)-Ni(1)-N(4) 80.5(5) 
N(1)-Ni(1)-Cl(2) 97.5(4) 
N(3)-Ni(1)-Cl(2) 104.2(5) 
N(2)-Ni(1)-Cl(2) 93.4(3) 
N(4)-Ni(1)-Cl(2) 173.8(3) 
N(1)-Ni(1)-Cl(1) 171.7(4) 
N(3)-Ni(1)-Cl(1) 84.7(4) 
N(2)-Ni(1)-Cl(1) 92.8(3) 
N(4)-Ni(1)-Cl(1) 90.8(3) 
Cl(2)-Ni(1)-Cl(1) 88.33(14) 
N(5)#1-Ni(2)-N(7)#1 164.0(7) 
N(5)#1-Ni(2)-N(6)#1 84.2(7) 
N(7)#1-Ni(2)-N(6)#1 96.6(6) 
N(5)#1-Ni(2)-N(8)#1 83.0(7) 
N(7)#1-Ni(2)-N(8)#1 81.2(6) 
N(6)#1-Ni(2)-N(8)#1 83.4(6) 
N(5)#1-Ni(2)-Cl(1) 100.7(6) 
N(7)#1-Ni(2)-Cl(1) 95.0(4) 
N(6)#1-Ni(2)-Cl(1) 97.4(5) 
N(8)#1-Ni(2)-Cl(1) 176.2(5) 
N(5)#1-Ni(2)-Cl(2) 82.8(5) 
N(7)#1-Ni(2)-Cl(2) 94.8(3) 
N(6)#1-Ni(2)-Cl(2) 166.5(5) 
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N(8)#1-Ni(2)-Cl(2) 91.2(4) 
Cl(1)-Ni(2)-Cl(2) 88.81(14) 
Ni(2)-Cl(1)-Ni(1) 90.80(13) 
Ni(1)-Cl(2)-Ni(2) 91.11(12) 
C(24)-O(1)-C(30) 103.6(6) 
C(1)-N(1)-C(5) 120.4(13) 
C(1)-N(1)-Ni(1) 126.0(12) 
C(5)-N(1)-Ni(1) 112.9(9) 
C(6)-N(2)-C(10) 118.7(12) 
C(6)-N(2)-Ni(1) 127.5(9) 
C(10)-N(2)-Ni(1) 113.8(10) 
C(11)-N(3)-C(15) 121.5(16) 
C(11)-N(3)-Ni(1) 125.9(13) 
C(15)-N(3)-Ni(1) 112.6(12) 
C(16)-N(4)-C(18) 112.6(12) 
C(16)-N(4)-C(17) 110.8(11) 
C(18)-N(4)-C(17) 111.2(11) 
C(16)-N(4)-Ni(1) 107.3(8) 
C(18)-N(4)-Ni(1) 108.6(9) 
C(17)-N(4)-Ni(1) 105.9(8) 
C(31)-N(5)-C(35) 119(2) 
C(31)-N(5)-Ni(2)#1 127.2(16) 
C(35)-N(5)-Ni(2)#1 113.5(17) 
C(36)-N(6)-C(40) 120.3(17) 
C(36)-N(6)-Ni(2)#1 126.4(14) 
C(40)-N(6)-Ni(2)#1 110.8(13) 
C(41)-N(7)-C(45) 117.3(15) 
C(41)-N(7)-Ni(2)#1 113.2(10) 
C(45)-N(7)-Ni(2)#1 129.4(13) 
C(47)-N(8)-C(48) 108.0(16) 
C(47)-N(8)-C(46) 114.9(15) 
C(48)-N(8)-C(46) 114.2(14) 
C(47)-N(8)-Ni(2)#1 108.6(10) 
C(48)-N(8)-Ni(2)#1 105.1(9) 
C(46)-N(8)-Ni(2)#1 105.5(12) 
N(1)-C(1)-C(2) 119.8(18) 
N(1)-C(1)-H(1) 120.1 
C(2)-C(1)-H(1) 120.1 
C(3)-C(2)-C(1) 119.7(18) 
C(3)-C(2)-H(2) 120.2 
C(1)-C(2)-H(2) 120.2 
C(2)-C(3)-C(4) 119.9(18) 
C(2)-C(3)-H(3) 120.1 
C(4)-C(3)-H(3) 120.1 
C(5)-C(4)-C(3) 117.6(18) 
C(5)-C(4)-H(4) 121.2 
C(3)-C(4)-H(4) 121.2 
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N(1)-C(5)-C(4) 122.6(16) 
N(1)-C(5)-C(16) 117.4(13) 
C(4)-C(5)-C(16) 119.9(17) 
N(2)-C(6)-C(7) 122.7(12) 
N(2)-C(6)-H(6) 118.6 
C(7)-C(6)-H(6) 118.6 
C(6)-C(7)-C(8) 119.7(14) 
C(6)-C(7)-H(7) 120.2 
C(8)-C(7)-H(7) 120.2 
C(9)-C(8)-C(7) 118.3(14) 
C(9)-C(8)-C(19) 120.9(12) 
C(7)-C(8)-C(19) 120.8(14) 
C(8)-C(9)-C(10) 119.8(13) 
C(8)-C(9)-H(9) 120.1 
C(10)-C(9)-H(9) 120.1 
N(2)-C(10)-C(9) 120.7(14) 
N(2)-C(10)-C(17) 114.8(14) 
C(9)-C(10)-C(17) 124.6(13) 
N(3)-C(11)-C(12) 122.3(19) 
N(3)-C(11)-H(11) 118.8 
C(12)-C(11)-H(11) 118.8 
C(11)-C(12)-C(13) 117(2) 
C(11)-C(12)-H(12) 121.6 
C(13)-C(12)-H(12) 121.6 
C(14)-C(13)-C(12) 121(2) 
C(14)-C(13)-H(13) 119.7 
C(12)-C(13)-H(13) 119.7 
C(13)-C(14)-C(15) 120(2) 
C(13)-C(14)-H(14) 120.2 
C(15)-C(14)-H(14) 120.2 
N(3)-C(15)-C(14) 119(2) 
N(3)-C(15)-C(18) 118.0(16) 
C(14)-C(15)-C(18) 123(2) 
C(5)-C(16)-N(4) 115.7(13) 
C(5)-C(16)-H(16A) 108.4 
N(4)-C(16)-H(16A) 108.4 
C(5)-C(16)-H(16B) 108.4 
N(4)-C(16)-H(16B) 108.4 
H(16A)-C(16)-H(16B) 107.4 
N(4)-C(17)-C(10) 109.7(11) 
N(4)-C(17)-H(17A) 109.7 
C(10)-C(17)-H(17A) 109.7 
N(4)-C(17)-H(17B) 109.7 
C(10)-C(17)-H(17B) 109.7 
H(17A)-C(17)-H(17B) 108.2 
N(4)-C(18)-C(15) 109.6(13) 
N(4)-C(18)-H(18A) 109.8 
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C(15)-C(18)-H(18A) 109.8 
N(4)-C(18)-H(18B) 109.8 
C(15)-C(18)-H(18B) 109.8 
H(18A)-C(18)-H(18B) 108.2 
C(20)-C(19)-C(24) 120.0 
C(20)-C(19)-C(8) 117.7(7) 
C(24)-C(19)-C(8) 121.9(7) 
C(19)-C(20)-C(21) 120.0 
C(19)-C(20)-H(20) 120.0 
C(21)-C(20)-H(20) 120.0 
C(22)-C(21)-C(20) 120.0 
C(22)-C(21)-C(49) 123.5(11) 
C(20)-C(21)-C(49) 116.3(12) 
C(21)-C(22)-C(23) 120.0 
C(21)-C(22)-H(22) 120.0 
C(23)-C(22)-H(22) 120.0 
C(22)-C(23)-C(24) 120.0 
C(22)-C(23)-C(25) 137.0 
C(24)-C(23)-C(25) 102.9 
O(1)-C(24)-C(23) 115.4(4) 
O(1)-C(24)-C(19) 124.6(4) 
C(23)-C(24)-C(19) 120.0 
C(30)-C(25)-C(26) 120.0 
C(30)-C(25)-C(23) 103.8 
C(26)-C(25)-C(23) 136.2 
C(27)-C(26)-C(25) 120.0 
C(27)-C(26)-H(26) 120.0 
C(25)-C(26)-H(26) 120.0 
C(26)-C(27)-C(28) 120.0 
C(26)-C(27)-C(53) 129.6(12) 
C(28)-C(27)-C(53) 110.4(12) 
C(27)-C(28)-C(29) 120.0 
C(27)-C(28)-H(28) 120.0 
C(29)-C(28)-H(28) 120.0 
C(30)-C(29)-C(28) 120.0 
C(30)-C(29)-C(43) 120.0(7) 
C(28)-C(29)-C(43) 119.9(7) 
O(1)-C(30)-C(29) 125.7(5) 
O(1)-C(30)-C(25) 114.3(5) 
C(29)-C(30)-C(25) 120.0 
N(5)-C(31)-C(32) 121(2) 
N(5)-C(31)-H(31) 119.4 
C(32)-C(31)-H(31) 119.4 
C(33)-C(32)-C(31) 122(3) 
C(33)-C(32)-H(32) 119.0 
C(31)-C(32)-H(32) 119.0 
C(32)-C(33)-C(34) 117(3) 
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C(32)-C(33)-H(33) 121.7 
C(34)-C(33)-H(33) 121.7 
C(35)-C(34)-C(33) 120(3) 
C(35)-C(34)-H(34) 120.1 
C(33)-C(34)-H(34) 120.1 
N(5)-C(35)-C(34) 121(2) 
N(5)-C(35)-C(46) 116(2) 
C(34)-C(35)-C(46) 122(2) 
N(6)-C(36)-C(37) 121(2) 
N(6)-C(36)-H(36) 119.5 
C(37)-C(36)-H(36) 119.5 
C(36)-C(37)-C(38) 120(2) 
C(36)-C(37)-H(37) 120.1 
C(38)-C(37)-H(37) 120.1 
C(39)-C(38)-C(37) 121(2) 
C(39)-C(38)-H(38) 119.4 
C(37)-C(38)-H(38) 119.4 
C(38)-C(39)-C(40) 117(2) 
C(38)-C(39)-H(39) 121.6 
C(40)-C(39)-H(39) 121.6 
N(6)-C(40)-C(39) 121(2) 
N(6)-C(40)-C(47) 117.9(18) 
C(39)-C(40)-C(47) 121(2) 
N(7)-C(41)-C(42) 122.1(13) 
N(7)-C(41)-C(48) 115.4(16) 
C(42)-C(41)-C(48) 122.4(15) 
C(41)-C(42)-C(43) 120.8(16) 
C(41)-C(42)-H(42) 119.6 
C(43)-C(42)-H(42) 119.6 
C(44)-C(43)-C(42) 115.6(18) 
C(44)-C(43)-C(29) 118.0(14) 
C(42)-C(43)-C(29) 126.3(16) 
C(45)-C(44)-C(43) 120.6(16) 
C(45)-C(44)-H(44) 119.7 
C(43)-C(44)-H(44) 119.7 
C(44)-C(45)-N(7) 123.5(18) 
C(44)-C(45)-H(45) 118.2 
N(7)-C(45)-H(45) 118.2 
N(8)-C(46)-C(35) 111.0(17) 
N(8)-C(46)-H(46A) 109.4 
C(35)-C(46)-H(46A) 109.4 
N(8)-C(46)-H(46B) 109.4 
C(35)-C(46)-H(46B) 109.4 
H(46A)-C(46)-H(46B) 108.0 
N(8)-C(47)-C(40) 110.8(18) 
N(8)-C(47)-H(47A) 109.5 
C(40)-C(47)-H(47A) 109.5 
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N(8)-C(47)-H(47B) 109.5 
C(40)-C(47)-H(47B) 109.5 
H(47A)-C(47)-H(47B) 108.1 
N(8)-C(48)-C(41) 109.2(13) 
N(8)-C(48)-H(48A) 109.8 
C(41)-C(48)-H(48A) 109.8 
N(8)-C(48)-H(48B) 109.8 
C(41)-C(48)-H(48B) 109.8 
H(48A)-C(48)-H(48B) 108.3 
C(50)-C(49)-C(21) 119.4(17) 
C(50)-C(49)-H(49A) 107.5 
C(21)-C(49)-H(49A) 107.5 
C(50)-C(49)-H(49B) 107.5 
C(21)-C(49)-H(49B) 107.5 
H(49A)-C(49)-H(49B) 107.0 
C(49)-C(50)-C(51) 95(2) 
C(49)-C(50)-H(50A) 112.7 
C(51)-C(50)-H(50A) 112.7 
C(49)-C(50)-H(50B) 112.7 
C(51)-C(50)-H(50B) 112.7 
H(50A)-C(50)-H(50B) 110.2 
C(52)-C(51)-C(50) 101(3) 
C(52)-C(51)-H(51A) 111.7 
C(50)-C(51)-H(51A) 111.7 
C(52)-C(51)-H(51B) 111.6 
C(50)-C(51)-H(51B) 111.6 
H(51A)-C(51)-H(51B) 109.4 
C(51)-C(52)-H(52A) 109.4 
C(51)-C(52)-H(52B) 109.5 
H(52A)-C(52)-H(52B) 109.5 
C(51)-C(52)-H(52C) 109.5 
H(52A)-C(52)-H(52C) 109.5 
H(52B)-C(52)-H(52C) 109.5 
C(54)-C(53)-C(27) 110.2(19) 
C(54)-C(53)-H(53A) 109.6 
C(27)-C(53)-H(53A) 109.6 
C(54)-C(53)-H(53B) 109.6 
C(27)-C(53)-H(53B) 109.6 
H(53A)-C(53)-H(53B) 108.1 
C(53)-C(54)-C(55) 97(2) 
C(53)-C(54)-H(54A) 112.4 
C(55)-C(54)-H(54A) 112.4 
C(53)-C(54)-H(54B) 112.4 
C(55)-C(54)-H(54B) 112.4 
H(54A)-C(54)-H(54B) 110.0 
C(56)-C(55)-C(54) 108(3) 
C(56)-C(55)-H(55A) 110.1 
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C(54)-C(55)-H(55A) 110.1 
C(56)-C(55)-H(55B) 110.1 
C(54)-C(55)-H(55B) 110.1 
H(55A)-C(55)-H(55B) 108.4 
C(55)-C(56)-H(56A) 109.5 
C(55)-C(56)-H(56B) 109.5 
H(56A)-C(56)-H(56B) 109.5 
C(55)-C(56)-H(56C) 109.5 
H(56A)-C(56)-H(56C) 109.5 
H(56B)-C(56)-H(56C) 109.5 
O(3)-Cl(5)-O(4) 114.0(10) 
O(3)-Cl(5)-O(2) 105.9(10) 
O(4)-Cl(5)-O(2) 107.1(10) 
O(3)-Cl(5)-O(5) 114.6(11) 
O(4)-Cl(5)-O(5) 111.6(9) 
O(2)-Cl(5)-O(5) 102.4(9) 
O(6)-Cl(6)-O(8) 107.3(15) 
O(6)-Cl(6)-O(9) 109(3) 
O(8)-Cl(6)-O(9) 105(3) 
O(6)-Cl(6)-O(7) 113.3(14) 
O(8)-Cl(6)-O(7) 113.4(16) 
O(9)-Cl(6)-O(7) 108(3) 
O(12)-Cl(7)-O(13) 98(2) 
O(12)-Cl(7)-O(10) 116(2) 
O(13)-Cl(7)-O(10) 120(3) 
O(12)-Cl(7)-O(11) 105(2) 
O(13)-Cl(7)-O(11) 117(3) 
O(10)-Cl(7)-O(11) 101(3) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x,y,-z+3/2       
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Projection view with 50% thermal ellipsoids- perchlorate anions, solvent water and Hs omitted: 
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